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Abstract
This thesis presents the design and testing of a scale proof-of-concept prototype
end-effector system for autonomous shotcrete application and radiation surveying
in underground uranium mining environments. The prototype end-effector system
presented consists of two functionally distinct prototype tools that achieve the inde-
pendent tasks of autonomous shotcrete spray pattern control and surface radiation
surveying. The work of this thesis is part of a joint project known as the Mobile
Autonomous Scanning and Shotcreting (MASS) robot that is currently under de-
velopment at the University of Ontario Institute of Technology in cooperation with
Cameco Corporation. The MASS robot is a mobile manipulator system capable of
autonomously facilitating the application of spray-able concrete (shotcrete) for exca-
vation support and conducting remote radiological surveys of surfaces in hazardous
underground mining and tunneling environments.
The first prototype tool presented is a novel, robotic shotcrete spraying tool that is
capable of autonomously maintaining and adjusting its circular spray pattern diam-
eter on target surfaces in response to changes in target surface distance. Control
algorithms are presented that give the robotic shotcrete spraying tool the capability
to produces advanced figure eight and spiral spraying patterns for surface preparation
applications that involve spot filling deep surface cracks and pockets. Physical testing
of the prototype tool empirically verified its ability to maintain circular spray pattern
diameters at various target distances and demonstrated the application potential of
the advanced figure eight and spiral spraying patterns.
The second prototype tool presented is a Geiger Muller tube based radiation detec-
tion tool that uses shielding and a single hole collimator in combination with precise
robotic positioning in order to capture localized radiation measurements of surfaces
within radiation rich environments. Physical testing of the prototype tool demon-
strated its ability to create radiation survey profiles that distinctly characterized the
radiologcal profile of test target surfaces embedded with various radioactive sources.
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Robots find many applications in present day life. Their capacity to automate tasks
allow them to remove humans from a variety of environments: some mundane and
repetitive while others severely hazardous and dangerous. This project focuses on the
development of an autonomous robotic system capable of removing shotcrete workers
from hazardous environments in the underground uranium mining industry. This
robotic system is referred to as the Mobile Autonomous Scanning and Shotcreting
robot, or MASS for short.
Uranium finds its place in our modern world as a source of nuclear fuel. It is har-
vested from the earth’s crust and used to power nuclear reactors in order to generate
electricity. Its inherent utility and relative abundance makes it an essential resource
for modern human life. However, despite uranium’s many benefits to human life, its
procurement from the natural environment does not come without hazard. Uranium
is mined from the earth’s crust and there are a multitude of hazards throughout
the many activities that make up the uranium mining process. This project focuses
specifically on the hazards present during the underground tunneling processes that
are used to mine uranium ore. As an underground uranium mine expands, its newly
excavated tunnel sections must be reinforced and shielded to prevent collapse and
1
to protect workers from radiation emitted by the ore. Reinforcement and shielding
is provided with the use of spray-able concrete (commonly referred to as shotcrete).
Human workers with the aid of industrial shotcrete spraying equipment coat the walls
and ceiling of the mine tunnel with shotcrete. As the shotcrete sets it forms a protec-
tive shell that internally supports the tunnel. As well, due to the density of shotcrete,
it has the capacity to block the harmful radiation that is present in the ore that is
being mined. In all, the shotcreting process creates a safe underground environment
with reduced levels of harmful radiation. The caveat, however, of the shotcreting
process is that the initial hazardous conditions that it aims to protect mine workers
from are the conditions it subjects the shotcrete operators to during the spraying
process.
The Mobile Autonomous Shotcreting and Scanning robot (MASS) is being developed
to remove human workers from the hazardous initial conditions present during the
tunneling process in underground uranium mining environments. The MASS is a mo-
bile manipulator system designed to fully automate the shotcrete application process
and enable mining personnel with the ability to conduct remote radiation scans of
tunnel surfaces. Although the focus of this work is on uranium mines, the MASS
system could be used in any mining or tunneling application that utilizes shotcrete.
1.1 Background
1.1.1 Uranium Mining
Uranium is a naturally occurring and relatively common radioactive element that can
be processed into a variety of enriched forms. The broad spectrum of applications and
relative abundance of uranium makes it a valuable and highly sought after element
[8]. Uranium occurs naturally within the earth’s crust and is harvested using either
open-pit, in-situ, or underground mining techniques. The mining technique used de-
pends on the proximity of the uranium deposit to the surface. Typically deposits
found within 100 meters of the surface are harvested using open-pit mining or in-situ
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techniques. When deposits are found at greater depths, underground mining tech-
niques become more economically feasible [9]. Within the various mining processes,
there are a multitude of different techniques and approaches. This project, however,
focuses on the underground mining process and more specifically the tunnelling pro-
cess that is essential for underground mining. The underground mining process can
be described in a series of stages. First, a large vertical shaft is dug adjacent to the
ore body to the depth of the ore body. Next, a network of horizontal tunnels, called
drifts, are dug outwards from the main shaft around the ore body. Finally, horizontal
tunnels are then dug directly into the ore body to provide access for mining [9]. It
should be noted that for very high concentration uranium deposits, such as those
found in the Athabasca Basin of northern Saskatchewan, special additional mining
techniques are required to minimize worker exposure.
1.1.2 Shotcrete in Modern Underground Uranium Mining
Shotcrete, also known as spray concrete, is a flexible rapid construction technique
in which concrete is carried through hoses and projected at high velocity through a
pneumatic nozzle onto a target surface. Due to the high velocities used, shotcrete
compacts during its application allowing it to be sprayed onto a variety of structures,
vertical walls and even overhead surfaces. This makes shotcrete an ideal and essential
building material for modern underground mining and tunneling [10].
Shotcrete’s primary application in general underground mining scenarios is excavation
stabilization. After a new cave section is excavated the exposed rock face is sprayed
with shotcrete to reinforce it, as well as to prevent loose rock fall. However, in
uranium mining shotcrete serves a dual purpose: to reinforce the tunnel structure
and to provide radiation shielding. The exposed drift faces in uranium mines can be
radioactive; coating them in a thick layer of shotcrete effectively reduces the amount
of external radiation exposure that mining personnel are subjected to due to the
decay of uranium into gamma rays [11]. The shotcrete layer also prevents the ingress
of radon gas into the mine tunnels. Radon gas is a radioactive by-product of uranium
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decay that must be managed in order to prevent over exposure of workers within the
mine [12, 13].
The application of high velocity shotcrete spray onto target surfaces is controlled by
a human operator known as a Nozzleman. Modern shotcrete application processes
involve both manual application techniques and machine assisted techniques. In the
manual application process the Nozzleman is in direct physical control of the pneu-
matic spray nozzle. This is a popular technique for smaller confined spaces, however
in most modern large scale shotcrete application processes, the Nozzleman directs the
shotcrete spray by using a control pendant to position an industrial manipulator arm
that carries an automatic shotcrete spraying head [10].
1.1.3 Radiation Exposure in Underground Uranium Mining
Human radiation exposure is a natural and common occurrence. All soils, rocks and
minerals naturally contain radioactive materials. Most of the natural radioactivity
found in materials is due to small concentrations of radionuclides left over from long-
lived decay chains of uranium and thorium isotopes. These small concentrations
of radionuclides within the materials of the natural environment create the natural
background radiation that all humans are exposed to. These materials are known
as Naturally Occurring Radioactive Materials (NORM). Though most NORM posses
relatively low concentrations of radionuclides, some ores and minerals posses higher
concentrations. Uranium ore, which this project is related to, is a NORM mineral
that naturally posses elevated concentrations of radionuclides. Due to this property
of uranium ore, its processing by human workers in mining environments can expose
them to above background levels of radiation exposure [14].
Uranium-238 is the most prevalent isotope found within uranium ore. It naturally
emits two types of ionizing radiation; alpha particles and weak gamma rays [8]. Alpha
particle radiation is the emission of an alpha particle from the nucleus of an atom un-
dergoing radioactive decay. Alpha particles posses both mass and charge, due to this,
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they strongly interact with matter and cannot travel more than a few centimeters in
air. Alpha particles do not pose a serious concern in regards to external exposure
to humans as they cannot penetrate the outer layer of dead skin cells. However, if
ingested through food or air, alpha particles can cause serious cell damage through
internal exposure. Gamma wave radiation is the emission of high-energy waves from
the nucleus of an atom. Gamma radiation, unlike alpha radiation, does not consist of
particle matter but is rather comprised of photons of energy. This gives gamma radi-
ation the capacity to travel greater distances through air and the ability to penetrate
the human body, gamma radiation however, can be stopped by thick or dense layers
of material [15]. Due to the fact that uranium is a weak gamma emitter, external
exposure to gamma radiation in most working areas of uranium mines is not of major
concern. This however changes in areas close to large deposits of pitchblende (urani-
nite) in the mine’s ore body. Uraninite is a uranium rich ore associated with high
grade uranium ore bodies. Large deposits of uraninite present a significant external
radiation hazard as the radiation dose rates around such deposits can be very high.
In some cases up to 8 times the level of the mine average have been recorded around
such deposits [16].
In addition to the gamma radiation emitted by uranium various other radioactive
decay products, known as progeny, are emitted into the environment. Of these ra-
dioactive progeny is radon gas and radon gas progeny, which pose a serious exposure
threat to workers in an underground uranium mining environment. Radon is an alpha
emitting radioactive gas that is colourless and odourless making it naturally unde-
tectable to humans. The true hazard of radon is in fact its decay progeny, specifically
Polonium-218 and Polonium-214. What makes radon and its progeny such a hazard
is that they have very short half-lives, meaning they rapidly releases radiation and
decay products into the air. Due to the charged nature of the decay products, they
attach themselves to dust particles or remain suspended in the air. This creates an
inhalation exposure vector for workers within the mine [12].
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1.2 Problem Statement and Goal
This thesis is a part of a joint project known as the Mobile Autonomous Scanning
and Shotcreting (MASS) robot that is under development at the University of Ontario
Institute of Technology. The following subsections will outline the overall project goals
of the MASS and the specific goals of this thesis in relation to the MASS project.
1.2.1 MASS Project Outline and Goals
As outlined in Section 1.1.2, during the shotcrete application process, the high veloc-
ity shotcrete spray is controlled by a human operator known as a Nozzleman. Though
intended to increase overall mine safety, the initial shotcrete application process in an
underground uranium mining environment subjects the Nozzleman to severely haz-
ardous conditions. These hazardous conditions arise due to the fact that in order to
accurately control the shotcrete nozzle or industrial manipulator arm the Nozzleman
must be within visual proximity of the exposed rock face or tunnel ceiling, being
coated. This close proximity to the unsupported and un-shielded radioactive rock
faces and tunnel ceilings presents the immediate danger of a Nozzleman being hurt
by falling debris, and as well presents the secondary hazard of radiation exposure.
The main goal of this project is to develop a fully autonomous robotic system capable
of automating the shotcrete application process in underground mining environments.
The secondary goal of this project is to give said robotic system the capacity to survey
the radiation profile of the target surface before and after the shotcrete application.
This is a goal specific to an underground uranium mining environment in order to
allow the robotic system to verify that a thick enough layer of shotcrete has been
applied for correct radiation shielding. The pre-shotcrete radiation measurements are
also very useful for geologist and mining engineers to determine the nature of the
uranium ore body, thus enabling them to more effectively plan mining operations.
The robotic system is being developed in an effort to reduce the need to place hu-
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man workers in hazardous environments before and during the shotcrete application
process. This thesis is one part of the creation of such a system.
The development of the aforementioned robotic system is already in progress at the
University of Ontario Institute of Technology (UOIT) in cooperation with the Cameco
corporation. The system being developed at UOIT is known as the Mobile Au-
tonomous Scanning and Shotcreting robot, also referred to as the MASS. The MASS
is a mobile manipulator system capable of navigating a mine cavern and using its
on-board laser scanner to create a 3D map of the cavern walls. The MASS then uses
this 3D map to generate spray trajectories for its on-board 6-axis manipulator arm
to follow in order to coat the mine walls with shotcrete. This thesis directly builds
upon the work currently under development by PhD candidate Micheal Wrock on the
MASS. Micheal Wrock has developed the control systems that allow the MASS to:
localize, navigate, scan and follow generated spray trajectories with its manipulator
arm. This thesis focuses on the development of a specialized robotic end-effector that
the MASS manipulator arm will carry.
1.2.2 Thesis Problem Statement and Goals
A key requirement of the shotcrete application process is to ensure maximum sur-
face adhesion while minimizing shotcrete rebound, this is achieved through the use
of correct application technique by the Nozzleman. Correct application technique re-
quires that the nozzle be at all times maintained within 1-2 meters and at a 90-degree
approach angle to the target surface. In addition, to ensure a homogeneous result,
spraying must be carried out with even circular nozzle motions, known as nutation
[17]. It is also essential that holes and cracks within the rock faces be identified and
specifically spot filled to even out the target surface before layering can begin [4].
Micheal Wrock’s trajectory generating control system on the MASS robot handles
the first two aspects of correct application technique. It ensures a 90-degree approach
angle and gives the system the capacity to maintain a known distance from the ma-
nipulator arm’s control point to the target surface. This leaves the last two aspect
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of correct application technique, nozzle nutation control and spot filling, open for
development.
Ensuring an even circular spray pattern and controlling rebound during the spraying
process is a complex problem and is in fact largely controlled by the skill and experi-
ence of the Nozzleman [10]. This makes the systematic control of shotcrete rebound
and layer homogeneity particularly challenging to ensure during a fully autonomous
application process. This is further complicated by the need for varying spray pattern
sizes for spot filling different sized surface cracks and holes, which in a non-automated
process, is controlled by the judgment of the Nozzleman. Hence, to ensure a strong
and homogeneous result in a fully automated process, there is a need for some form
of automated control over the physical size of the circular spray pattern generated by
the shotcrete spray head.
Therefore, the main goal of this thesis was to develop a prototype control system and
a proof-of-concept robotic end-effector specifically designed to provide automated
control over the magnitude of nozzle nutation in relation to target surface distance.
The goal of this control system is to emulate the decision making that a skilled
Nozzleman would use in order to maintain a constant spray pattern size on a target
face. To do so, the system must respond to changes in target distance by either
reducing or increasing nozzle nutation in order to maintain a constant spray pattern
radius on a target surface.
Additionally, as mentioned in Section 1.2.1, the secondary goal of the MASS project
is to enable the MASS to survey the radiation profile of the target surface before and
after the shotcrete application process. This is also a secondary goal of this thesis.
Radiation surveying is a relatively simple task with the use of modern day portable
radiation detection instruments, such as Gieger-Mueller and NaI scintillation detec-
tors [18]. Special consideration must be taken within a radioactive environment to
ensure that the radiation survey of the target surface is not influenced by external
radiation sources within the immediate vicinity. Therefore, it was the specific sec-
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ondary goal of this thesis to incorporate radiation scanning equipment outfitted with
directional shielding into the design of the prototype end-effector system.
1.3 Scope
The scope of this thesis was the development and testing of a proof-of-concept pro-
totype robotic radiation scanning and shotcreting end-effector system for the un-
derground uranium mining industry. The end-effector system must be capable of
autonomously maintaining a constant circular spray pattern size on a target surface
irrespective of target distance. The system must also have the capacity to survey
the radiation emanating from the target surface without the influence of radiation
sources in the surrounding environment.
1.4 Summary of Contributions
The main contributions of this thesis to the MASS project are:
• The development of a novel, proof-of-concept prototype robotic shotcrete spray-
ing tool designed to replace traditional passive mechanical type shotcrete spray-
ing tools.
• Development of an open-loop control algorithm capable of varying the nuta-
tion magnitude of the robotic shotcrete spraying tool’s actuators in response
to changes in target distance in order to maintain the diameter of its circular
spraying pattern on the given target surface.
• Development of alternative open-loop control algorithms that allow the robotic
shotcrete spraying tool to generate advanced figure eight and spiral type spray-
ing patterns for filling deep surface cracks and pockets during the surface spot
filling process that precedes full shotcrete application.
• Independent testing of the prototype robotic shotcrete spraying tool and its
various spray pattern control algorithms.
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• The development of a proof-of-concept directional Geiger Muller tube based
radiation detection tool capable of capturing localized radiation measurements
on target surfaces in radiation rich environments.
• Independent testing of the radiation detection tool’s capabilities for conducting
localized radiation surveys in radiation rich environments.
• The combination of the robotic shotcrete spraying tool and radiation detection
tool into a single integrated end-effector system for the MASS’s DENSO VP-
6242 manipulator arm.
1.5 Thesis Outline
The remainder of this thesis will proceed as follows: Chapter 2 contains a literature
review on the concept of automated control over industrial construction equipment
and industrial shotcrete applicator systems, as well as the concept of autonomous
robotic radiation surveying. Chapter 2 also outlines the theoretical background be-
hind the physical design of the prototype robotic shotcrete spraying tool and proto-
type radiation detection tool. Chapter 3 provides detail on the physical design and
construction of the prototype shotcrete spraying tool and prototype radiation detec-
tion tool. Chapter 3 also discusses the integration of the prototype tools into a single
integrated end-effector system for the MASSs DENSO VP-6242 manipulator arm.
Chapter 4 outlines the development of the various control algorithms designed to
control the spray patterns of the prototype robotic shotcrete spraying tool. Chapter
5 discusses the testing of the prototype tools and the experimental results obtained.
Finally, Chapter 6 contains the concluding remarks and recommendations for poten-
tial future development and improvement of both the MASS robot and the prototype
tools developed for it during this thesis.
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Chapter 2
Literature Review and Theoretical
Background of System Design
This chapter provides an in-depth literature study on the concept of automating
heavy industrial equipment and the concept of automating the shotcrete application
process in underground mining environments. The literature review also provides
a study on the concept of autonomous inspection of hazardous environments and
autonomous radiation surveying. This chapter as well contains an overview of the
theoretical background and concepts behind the design of the end-effector system
conceived during this thesis.
2.1 Literature Review
The concept of automating heavy industrial equipment in order to remove human
workers from hazardous conditions is not a novel idea. This concept finds a beneficial
place in many industries as it effectively increase overall safety and productivity. This
is especially true within the mining industry where many of the required tasks are
very physically demanding and put human workers at great risk.
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One of the most common and basic forms of automation used to remove human work-
ers from hazardous environments is teleoperation. In this form of automation, the
human operator is removed from the area of operation and controls a piece of equip-
ment remotely to accomplish a hazardous task. Teleoperation of industrial equipment
has been a long researched and developed concept. Early work primarily consisted of
retrofitting commercially available equipment with feedback sensors and direct control
equipment. Some of the earliest teleoperation adaptations of commercial equipment
were seen by the John Deere company in collaboration with Wohlford, et al. [19].
Their work involved retrofitting a John Deere 690 excavator unit for unmanned op-
eration. The 690 excavator unit was outfitted with servo-hydraulic controls and a
rudimentary operator feedback system that provided audio and visual feedback. This
teleoperated excavator was developed for the US Air Force in order to remotely han-
dle un-exploded ordinance at the Eglin AFB test range. Further and more advanced
teleoperation was seen in the work of Thompson, et al. [20] in which they retrofitted
a US Army small emplacement excavator (SEE) for unmanned operation. Its appli-
cation was intended for the remote excavation and removal of radioactive waste in US
Department of Energy burial sites. Their key advancement was the implementation
of a force feedback system that allowed the remote operator to sense forces at the
excavator’s shovel. These two examples represent manual teleoperation control, the
oldest and most challenging form of remote control over heavy industrial equipment.
This method, though effective at physically removing human workers from harm’s
way, presented considerable challenges in regards to the effective control over the re-
mote equipment. Manual control requires a large amount of operator concentration
during use. This is due to the fact that the operator must interpret audio, visual and
tactile feedback from the system in order to perceive the environment that the remote
equipment is in. Due to mental fatigue operator performance becomes an issue when
they are required to carry out meticulous teleoperation tasks for extended periods of
time [21].
In partial contrast to manually controlled teleoperation methods “supervisory con-
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trol” emerged as an attractive control concept that offered solutions to the short-
comings of direct manual control. Supervisory control is an idea attributed to the
work of Thomas B. Sheridan; it is often referred to as “human in the loop”. The
supervisory control concept is predicated on the idea that human operators should
remain within the control loop, working cooperatively with the machine. The human
operator becomes responsible for higher level control, while low level tasks are left
to the machine [22, 23]. In an applications sense, this translates to the teleoperated
equipment having independent operations from its human operator. These systems
are typically referred to as master-subordinate-slave systems. The human operator
(master) is responsible for high level task planning while the control system (subor-
dinate) and physical robot (slave) are responsible for independently carrying out the
commands issued by the human operator. The human operator is able to intervene
and take manual control should the necessity arise. But in all other cases the human
operator is removed from the execution of meticulous repetitive machine movements
[21].
A notable implementation of a master-subordinate-slave system within the mining in-
dustry is seen in the work of Bonchis, et al. [24]. They developed a robotic system for
charging blast holes in underground mining. Their system was known as the Robotic
Explosive Charging System (RECS). Drilling and blasting for rock fragmentation is
one of the main methods of expansion in underground hard-rock mining. Despite the
many advances in pyrotechnic technologies, injuries and fatalities still occur during
human involved blasting operations. Their robotic system was designed to completely
remove human operators from the blast area during explosive charging. Their system
supported four core functions: detection of pre-drilled blast holes, teleoperated arm
pose control, autonomous arm pose control and human-in-the-loop visual servoing.
The RECS was developed on a retrofitted Palfinger truck crane with a specialized
end-effector system. The end-effector system carried a laser range-finder, various
video cameras, LED lights and the mechanism for handling the explosive primer as-
semblies. The RECS is capable of autonomously scanning the target blast face with
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the laser range finder and detecting the drilled blast hole locations. The system then
presents the detected locations to the human operator who verifies the result against
the holes in the blast plan. Once verified, the RECS autonomously retrieves a primer
assembly from a magazine and presents it at the mouth of an empty blast hole. The
operator then assumes manual control of the manipulator arm to achieve insertion
of the primer into the hole. The RECS exemplifies the concept of human-in-the-
loop control. The autonomous system handles the repetitive tasks of scanning for
blast holes and retrieving primer assemblies. While the human operator focuses on
the higher level tasks of verifying the identified blast holes and controlling the final
insertion of the primer assemblies.
In sharp contrast to the human inclusive teleoperation concepts of manual control
and supervisory control is the concept of full system autonomy. This represents the
highest level of automation; in which the system is capable of running independently
for extended periods of time without human intervention. Full system autonomy is
an attractive concept as it introduces the potential for higher levels of productivity
and process reliability over human involved methods. Teleoperation solves the issue
of removing humans from harm’s way, however, as noted in the work of Yusof, et
al. [21], human operator error can result in unwanted accidents with semi-automated
equipment.
In addition to operator error, other caveats of human involvement are noted in the
early automation work of Stentz, et al. [25]. They noted that the performance of
a human operator degrades over the length of their work shift and with the need
for scheduled breaks the average production capacity of a human involved in a work
shift is greatly impacted. Fully autonomous equipment offers the potential to increase
productivity by removing the human element. Stentz, et al. further note that the
use of autonomous equipment can additionally increase the safety of an operation.
Human operators tend to focus on the task at hand and can fail to notice equipment
or human workers entering the work-zone. Enabling an autonomous system with
complete sensor coverage of the work area allows it to scan continuously for potential
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hazards while it independently carries out its task. The idea of enhanced productivity
and safety were the core ideas behind the work of Stentz, et al. in the development of a
robotic excavator for autonomous truck loading. They retrofitted a 25-ton hydraulic
excavator with servo controls, an on-board computer and two laser range finders.
During operation the left laser range-finder would pass over the loading zone. This
was done in order to establish the location and dimensions of a parked truck awaiting
loading. This also allowed the system to scan for obstacles and workers in the loading
zone. While loading, the right laser range-finder would scan across the dig face in
order to measure the surface and calculate the next dig location. While digging, the
left-scanner would pass back over the loading zone and measure the soil distribution
in the truck bed and determine where the next load should be placed. Stentz, et al.
were able to successfully implement this system and demonstrate that it was capable
of loading trucks as fast as human operators. Their success gave credibility to the
idea of fully autonomous heavy equipment.
The core focus of this thesis is the development of a prototype end-effector system for
the MASS; a fully autonomous shotcrete robot designed to remove human workers
from harm’s way. Worldwide research has been conducted on the concept of creating
fully autonomous shotcrete robots. However, research on the development of such
autonomous systems is still in its infancy and has largely been focused on retrofitting
pre-existing manually operated shotcrete machines. Figure 2-1 depicts a modern-day
manually operated shotcrete machine.
Figure 2-1 shows a MEYCO Potenza self contained fully mobile shotcrete spraying
machine. The design of the MEYCO Potenza is revered as the modern standard for
shotcrete application systems in tunneling. It is a self contained unit with its own
concrete pump system, central power unit, spray manipulator and nozzle system [26].
Research conducted on autonomous shotcrete machines has mainly focused around
the robotic modeling of and automation of machines of similar construction to the
MEYCO Potenza.
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Figure 2-1: MEYCO Potenza - Mobile Shotcreting Machine [1]
Xuewen, et al. [27] performed a kinematic analysis on an 8-jointed shotcrete robot
in order to deduce its forward and inverse kinematic equations. This was done in
order to provide a foundation for research into control strategies and mechanical
system improvements for hydraulic actuated shotcrete manipulators. The 8-jointed
shotcrete robot consisted of six revolute joints and two prismatic joints. In order to
simplify the control system and kinematic analysis, Xuewen, et al. proposed that the
system function as two sets of mechanisms with coupling movements. They used this
proposition to reduce the number of independent joints from eight to five; effectively
making the manipulator a 5-DOF (degree-of-freedom) system. This was done by
separately relating the mechanical motions of two different sets of hydraulic cylinders
within the manipulator. Their research set up the Denavit-Hartenberg frames for the
manipulator from which they derived the forward and inverse kinematic equations
of the system. Due to their simplification of the manipulator, they were able to use
algebraic methods to deduce a unique analytical solution of the inverse kinematic
equation. The mechanically coupled hydraulic joints were addressed by introducing
three constraint equations that related the relative motions of the coupled cylinders.
Wang and Su [28] established the dynamic equations for the upper arm of a shotcrete
robot. The equations were developed for the 863 Program’s RPJ-X; an experimental
shotcrete robot being developed by the Shandong University. The RPJ-X’s shotcrete
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manipulator is a fully articulated arm consisting of many joints. To simplify analysis,
Wang and Su reduced the analysis to focus on modeling a portion of the manipulator
they referred to as the “upper arm”. The upper arm of the RPJ-X is a closed loop
four-bar linkage that connects the spray end-effector and upper forearm to the base
of the robot. Wang and Su were able to derive the dynamic equations of the four-bar
mechanism and its hydraulic actuators. Combining these equations with a sliding
mode control scheme, they were able to produce promising preliminary simulations of
the trajectory of the upper arm’s input link. Their system provided fast and precise
position tracking but was subject to chatter.
Research on robotic shotcrete machines has not solely been limited to mere modeling
and simulation. Honegger, et al. [29] developed a novel automatic and human-
oriented control system for a MEYCO Robojet sc-30 shotcrete manipulator. Their
system focused on providing enhanced control for human shotcrete operators over
the manipulator system. Their system was retrofitted onto a MEYCO Robojet sc-30;
an 8-jointed shotcrete manipulator with manual independent control of each joint.
To integrate their system, encoders were added to the manipulator to measure joint
angles. Additionally, electrically controlled proportional valves were added to the
hydraulic actuators. The control system was designed to operate in three modes:
manual mode, semi-automatic mode and human supervised autonomous mode. In
manual mode the system allows the operator to guide the spray head in the world-
coordinate system with a 6-DOF joystick rather than having to manually operate
each of the eight joints. The controller calculates the inverse kinematics and handles
the closed-loop control of the manipulator arm’s actuators. In semi-automatic mode,
the system uses a laser range finder to scan the target surface and subsequently uses
that data to automatically control the distance and orientation of the spray head
relative to the wall. The operator is then simply required to guide the spray head
across the target surface. At the time of their research, autonomous mode was still
under development. However, they theorized with the correct scanning methods the
system could optimize its own trajectories for spraying target surfaces. Honegger,
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et al. also noted that the system would have to remain under human supervision
in order to intervene and correct the spray trajectory when the system encounters
obstacles, sharp corners or holes. All of which require human experience to handle.
Work to further develop the autonomous mode of the MEYCO Robojet was conducted
by Grimscheid and Moser [30]. They created a fully autonomous control mode for
the Robojet that was intended for use in scenarios with predictable surface geome-
tries. Specifically surface geometries created by smooth blasted excavations or tunnel
profiles drilled by tunnel boring machines. The autonomous mode allowed the user
to specify the target area and desired layer thickness of shotcrete. The system would
then use laser scan data of the target surface in conjunction with empirical spray
pattern test data in order to calculate the correct spraying parameters to achieve
the desired thickness. The system would then verify layer thickness by comparing
the results of a secondary laser scan of the target surface after shotcreting. The key
element of Grimscheid’s and Moser’s work on the autonomous control system is what
they referred to as its “application intelligence”. By this they referred to the sys-
tem’s ability to calculate the necessary concrete capacity, the required air pressure,
the spray trajectory, the target distance, the nutation speed and the nozzle velocity
all based upon the single user input of desired layer thickness. The system’s abil-
ity to calculate these parameters relies on empirical data from spray pattern tests
conducted by Grimscheid and Moser. Their spray tests involved collecting data on
the physical distribution of single spray jet strips from a MEYCO Suprema stan-
dard spraying nozzle. They varied the parameters of target distance, nozzle velocity
and nozzle nutation speed while keeping the concrete supply rate a a constant fixed
amount for each test. From the data collected, Grimscheid and Moser were able to
determine an ideal set of spraying parameters that the autonomous system can use
to calculate the most suitable spraying parameters for any given application. Grim-
scheid and Moser were able to successfully implement their autonomous system on
the MEYCO Robojet and demonstrate that it was capable of guaranteeing a precise
mean layer thickness within the acceptable tolerance of 0.09 m. Despite the suc-
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cess of their autonomous system, Grimscheid and Moser concluded that of the three
control modes on the Robojet, manual, semi-automatic and autonomous, no single
mode ranked superior to the others. They stated that different boundary conditions
required different application modes and there is no one singular solution; it is up to
the user to select the most efficient mode for the given situation.
More recent work on fully autonomous shotcrete robots was conducted by Nabulsi, et
al. [31]. They developed a retrofitted shotcrete robot capable of controlling the quality
of the applied shotcrete layer by adjusting the spray trajectory of the manipulator in
real-time. The real-time adjustments were made in response to changes in pumping
parameters of the shotcrete supply being fed to the spray head. This was developed
in an effort to provide real-time determination of shotcrete layer homogeneity and
thickness during spraying. Their prototype was developed on a retrofitted Sika R©-
Putzmeister PM-407 shotcrete machine; a manually controlled machine of similar
construction to the MEYCO Robojet. The prototype developed by Nabulsi, et al.
operated in three control modes: manual, semi-automatic and fully autonomous. The
functionality of the manual and semi-automatic modes were identical to the control
modes of the MEYCO Robojet prototype developed by Honegger, et al. [29].
However, the fully autonomous mode developed by Nabulsi, et al. for the PM-407
differed from the one that Grimscheid and Moser developed for the MEYCO Robojet.
The autonomous mode of Nabulsi, et al. lacked the “application intelligence” of the
autonomous mode developed by Grimschied and Moser. The user was required to
manually input the parameters of trajectory width, vertical spacing and starting
point. From these user provided inputs, and along with laser scan data of the target
surface, the system would generate the autonomous trajectories for the manipulator to
follow. The second key difference of the autonomous mode developed by Nabulsi, et al.
was that it introduced the ability for the system to autonomously, in real-time, adjust
the velocity of the spray trajectory being followed. The trajectory velocities would
be adjusted in response to the measured parameters of the shotcrete supply pumping
process. To facilitate this, a specialized interface was developed for the PM-407’s
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shotcrete pump. The pump interface allowed the control system to measure different
parameters of the pump during operation, such as pressure and concrete flow rate.
The system would use the information obtained from the pump interface to vary the
spray trajectory velocity with the aim of controlling shotcrete layer homogeneity and
thickness. They used empirical test data to provide the autonomous system with the
required information to estimate layer thickness and required trajectory velocities.
Nabulsi, et al. were able to successfully implement and demonstrate their system
on the PM-407. The prototype demonstrated notable improvements in application
technique and shotcrete layer quality when compared to the results of a manual pro-
cess controlled by a human operator. They, however, noted that smoothness of the
autonomous trajectories was greatly impacted by the physical limitation of the PM-
407. The retrofitted PM-407 did not have enough hydraulic power to operate all of
the joints of the manipulator simultaneously. Additionally proportional control of
the prismatic boom arm of the PM-407 was not possible and because of such, on/off
control had to be used for that joint. This resulted in positional inaccuracies of up to
50 mm. Nabulsi, et al. concluded that though the robotization of machines not de-
signed for automation is possible, it presents unexpected difficulties and performance
limitations.
The conclusion of Nabulsi, et al. [31] regarding the limitations of robotizing industrial
equipment not originally intended for automation, gives merit to the concept behind
the MASS. Creating a system developed from the ground up with the intention of
automation will help overcome the limitations of retrofit equipment. This also allows
for the incorporation of autonomy into the equipment’s subsystems in order to fa-
cilitate a more cohesive master-subordinate-slave relationship. As noted in the work
of Grimscheid and Moser [30] though, fully autonomous systems can prove effective.
In unstructured environments there is still a need for the use of semi-autonomous
and manual teleoperation of equipment. This need for human involvement is what
Thomas B. Sheridan [22] refers to as “human in the loop” control and is what defines
the master-subordinate-slave relationship. Enhancing the equipment’s subsystems
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with lower level autonomy drives the role of the human operator towards a more
ideal higher level supervisory position. In regards to the MASS, this sub-system is the
shotcrete spraying end-effector. From the works reviewed on autonomous shotcrete
systems, it can be seen that the focus has largely been on the automation of the
manipulator arm rather than that of the actual spray head. The automation of the
shotcrete spray head is perceived as a novel area of development and is one of the
areas this thesis investigates.
As noted in Section 1.2.1, the secondary goal of the MASS project is to equip the
MASS system with the capacity to survey the radiation profile of target surfaces.
The applications of autonomous industrial equipment in hazardous environments is
not limited to simply completing hazardous tasks in the place of humans. Much
work has been done to develop autonomous robotic systems for the inspection and
assessment of hazardous environments and the objects within them. A portion of this
thesis is dedicated to developing radiation survey equipment for the MASS’s robotic
manipulator for such inspection applications within the uranium mining environment.
Siegfried [32] developed a robotic system for conducting radiation surveys on pro-
totype nuclear waste shipping casks. The system was referred to as the Robotic
Radiation Survey and Analysis System (RRSAS). The RRSAS, as explained by Har-
rigan [33], was a commercial gantry robot with a 6-DOF manipulator arm capable of
conducting force controlled swipe tests on the surfaces of the prototype casks. The
swiping process transferred particles from the cask surface to the swipe tool’s filter
paper for later radiation analysis. The RRSAS demonstrated the intended goal of
reducing the radiation exposure of the robot operator by allowing the operator to be
removed from the immediate environment.
More recent work in the area of inspection manipulators is seen by Perrot, et al.
[34]. They developed a long reach carrier called the Articulated Inspection Arm
(AIA). The AIA is an 11-jointed long reach carrier arm capable of supporting and
maneuvering 30 kg of inspection equipment within confined spaces. It was designed for
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inspection work in hazardous limited access environments within the nuclear industry.
Specifically for close visual inspection of the inner components of nuclear reactors.
In addition to the development of the arm, Perrot, et al. also developed a series of
end-effector tools that allowed the AIA to complete different tasks within a reactor.
The tools range from vision cameras for visual inspection, to ultrasonic measurement
tools for thickness measurements. Perrot, et al. even developed laser based tools for
removal of tritium deposits within the reactor. Though not within the scope of the
AIA project, Perrot, et al. also noted that if the long reach AIA were outfitted with
a particle detector (gamma and X-ray) for radiation measurement, the system could
be used for environmental characterization. They proposed that it could be used to
create a map of the radiological state of a reactor cell before proceeding with human
dismantling.
Ohno, et al. [35] developed a robotic command vehicle system for measuring radiation
within the Fukushima Daiichi Nuclear Power Plant in the wake of the nuclear disaster
caused by the Great East Japan Earthquake of 2011. The robotic command vehicle
developed by Ohno, et al. was a retrofitted delivery truck featuring a radiation
shielded command box housed in the truck’s cargo area. This vehicle was referred to
as “TEAM NIPPON”. In order to asses the outside environment, TEAM NIPPON
was outfitted with several external sensors and a deployable remote-control ground
robot. The truck mounted sensors included a gamma ray imaging system (gamma
camera) for measuring radiation profiles, a 3D LiDAR sensor for adjusting the gamma
camera’s focal length and a thermal imaging camera. The deployable remote control
vehicle was a TALON robot (track type remote military robot) outfitted with sensors
for physical mapping and an arm mounted gamma ray sensor for taking radiation
measurements within the environment. TEAM NIPPON allowed workers to safely
take environmental radiation readings from the truck mounted sensors and use the
TALON robot to locate and map radiation sources within the disaster area.
Similar in nature and purpose to the TEAM NIPPON developed by Ohno, et al., is
the Radbot, developed by McDougall [36], at the University of Ontario. The Rad-
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bot is a mobile human operated ground robot used to create on-demand radiation
maps of unstructured environments where complete environmental surveying is not
possible. McDougall’s work developed and physically tested a novel mapping algo-
rithm capable of generating radiation profile maps based upon probabilistic analysis
of sparse data. The Radbot prototype served as the physical implementation of Mc-
Dougall’s work. The Radbot consisted of a scintillation type radiation detector and
a laser range finder assembled atop of a Pioneer 3-DX mobile base. In operation,
the Radbot is sent navigation commands from its remote human operator. While
navigating Radbot uses its laser range finder to simultaneously map its environment
through a process known as Simultaneous Localization and Mapping (SLAM). After
mapping its environment the Radbot is able to take radiation measurements with
its on-board scintillation detector at user specified positions throughout the envi-
ronment. The radiation mapping algorithm created by McDougall then translates
the collected data and mapping information into a map that estimates the location
and intensity of radioactive sources within the environment. McDougall was able to
successfully implement and demonstrate his mapping algorithm using the Radbot in
several experimental mapping scenarios. McDougall’s experimental results showed
that the algorithm and Radbot prototype were able to generate good quality radi-
ation maps, with environmental obstructions having only a modest impact on the
accuracy of predicted radiation intensities. Though capable of accurately mapping
the locations of radiation sources within the environment, the Radbot developed by
McDougall lacked the ability to produce radiation maps with strong visual clarity for
human interpretation. The Radbot also lacked the ability for advanced navigation
and operation in outdoor environments.
The work of McDougall was later built upon and enhanced by Hosmar [37], at the Uni-
versity of Ontario in a similar project known as the Autonomous Radiation Mapping
Robot (ARMR). The ARMR developed by Hosmar is an all-terrain mobile ground
robot capable of autonomously producing advanced radiation maps of outdoor and
indoor environments. Similar to the Radbot the ARMR uses a scintillation type de-
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tector for radiation measurement and a laser range finder for navigation. The ARMR
differs physically however, in that its mobile robotic base is a compact, all-terrain,
robot known as the Jackal from Clearpath Robotics. In further contrast to the Rad-
bot, during operation, rather than estimating the location of radiation sources within
the environment using sparse data from user specified measurement location, the
ARMR autonomously navigates and simultaneously maps its environment while tak-
ing as many measurements as necessary to localize sources of radiation. In addition
to the development of the physical ARMR system Hosmar developed an advanced
Graphical User Interface (GUI) that presented the radiation and mapping data col-
lected in a user friendly manner. This was achieved by creating a GUI that presented
the SLAM mapping data with overlays displaying the localized positions of sources
within the environment and a live heat map indicating the radiation intensity profile
of the environment. The intent of Hosmar’s GUI was to provide the user with a live
map that allows them to understand the radiation levels and locations present in the
environment. Providing this type of feedback allows the user to either plan a route
through the environment that minimizes exposure or plan a route for removal the
radiations sources within the environment. Hosmar was able to successfully imple-
ment and demonstrate the functionality of the ARMR and its GUI. The system was
proven though a series of outdoor and indoor mapping trials that required the ARMR
to autonomously locate and map sources within an environment previously unknown
to the ARMR.
From the works reviewed, it can be seen that outfitting robotic manipulators with ad-
vanced inspection tools enables the safe assessment of environments too hazardous or
otherwise inaccessible for human beings. The most notable of work related to the con-
cepts behind the MASS project is that of Perrot, et al. [34], Hosmar [37], and Ohno,
et al. [35]. Perrot, et al. stated that outfitting a robotic manipulator with gamma
detection equipment would potentially allow it to characterize the radiological state
of nuclear equipment before human workers interact with it. This supposition made
by Perrot, et al. is essentially the goal of the MASS’s radiation scanning capacity;
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to characterize the radiological state of the target surface and mining environment
before human workers enter it. The power of the supposition made by Perrot et al.,
is further expanded by the work of Hosmar on the ARMR and its GUI. The ARMR’s
ability to generate radiation profile maps of its environment with strong visual clarity
grants its user the ability to asses the environment beforehand and create a plan of
action accordingly. In relation to the MASS the concept demonstrated by Hosmar
lends credit to the potential benefits of the MASS’s radiation scanning capacity in
regards to advanced planning. Mapping the radiological profile of target surfaces
within a uranium mine not only allows for the understanding of worker exposures
hazards but additionally provides geologists and mining engineers advanced informa-
tion about the nature of the ore body. This information would allow geologists and
mining engineers to coordinate mining operations based upon the radiological profile
of the scanned drift faces, similar to the manner in which the ARMR user is able to
plan their route through their scanned environment. In regards to the work of Ohno,
et al., though it differs in application from the radiation survey equipment being de-
veloped for the MASS. The concept of using 3D LiDAR scan data to adjust the focal
length of the gamma camera is very relevant. As stated in their work, for accurate
gamma-ray measurement, the distance between the gamma camera and the target
requires adjustment of the gamma camera’s focal length. From this concept arose
the idea to use the MASS’s 3D laser scan data in order to coordinate the distance
to target of a tool mounted gamma detector (of fixed focal length) on the MASS’s
manipulator arm.
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2.2 System Design - Theoretical Background
The prototype end-effector system developed in this thesis for the MASS has two
distinct functional capacities: autonomous control of the shotcrete spray and the
detection of target surface radiation. The end-effector system’s capacities do not
directly correlate in a functional sense. Therefore, they can be thought of as two
separate subsystems and shall be explained as such for the remainder of this thesis.
2.2.1 Autonomous Control of Shotcrete Spray - Theoretical
Background
As explained in Section 1.2.2 in order to achieve a homogeneous shotcrete layer on
the target surface, spraying must be carried out with even circular nozzle motions.
Current operator controlled automatic shotcrete nozzle systems generate the required
circular spray pattern through the use of passive mechanical mechanisms. Figure 2-2
shows one such passive system from a MacLean Mine-MateTM SS-2 shotcrete sprayer.
Figure 2-2: Passive Type Shotcrete Nozzle System Used by Cameco Corporation (1:
Passive Nutation Generation Mechanism, 2: Shotcrete Nozzle and Hose Assembly)
From Figure 2-2 it can be seen that the operator controlled automatic shotcrete nozzle
system is comprised of two main components. The first being the shotcrete nozzle
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and its shotcrete hose assembly. The second being the passive nutation generation
mechanism that the nozzle and hose assembly is suspended from. Figure 2-3 shows a
close-up view of the passive nutation generation mechanism.
Figure 2-3: Passive Nozzle Nutation Generation Mechanism
Close analysis of Figure 2-3 reveals that the mechanism is driven by a hydraulic motor.
The shaft of the motor is connected to a rotational joint who’s centre is offset from
the motor’s axis of rotation. The rotational joint is connected to a hangar bracket,
from which the shotcrete nozzle and hose assembly is suspended. This hangar bracket
is affixed with a flexible rubber member to a solid mounting point that is directly
behind and coaxial to the hydraulic motor. This effectively creates a central pivot
point for the nozzle assembly. As the hydraulic motor rotates, the offset rotational
joint produces an oscillating displacement amplitude in the hangar bracket. Due to
the hangar bracket’s central rubber pivot point, this causes the nozzle tip to nutate
about the pivot point. The nutation of the nozzle tip creates the desired even circular
spray pattern on the target surface with the projected shotcrete spray. Figure 2-4
depicts the result of nozzle nutation on the projected spray of shotcrete.
As seen in Figure 2-4, the nutation action of the shotcrete nozzle can be visualized as a
cone whose projected circular base is the resultant spray pattern of the shotcrete spray
on the target surface. It should be noted that this thesis uses the engineering definition
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Figure 2-4: Nozzle Nutation and Circular Spray Pattern
of nutation, meaning that the nutating motion of the shotcrete nozzle follows the same
principle motion used in the design of nutating disk flow meters [38].
The described passive nozzle nutation mechanism is effective. However, its caveat
is that the amplitude of nozzle tip nutation is fixed by the offset distance of the
rotational joint connected to the hydraulic drive motor. This can be visualized in
Figure 2-4 as φ remaining constant. This is not a problem if the shotcrete head
remains at a fixed distance from the wall. However, if the distance from the nozzle
nutation centre to target changes; due to the geometric relationship the size of the
projected spray pattern will change as well. This relationship of spray pattern size
to target distance is illustrated in Figure 2-5.
Figure 2-5: Effect of Target Distance on Spray Pattern Size
Figure 2-5 is a 2D representation of the effect that target distance has on spray pattern
radius when the magnitude of nozzle tip nutation is held constant. In the Figure 2-5,
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φ represents the angular magnitude of nutation being applied to the nozzle tip. Initial
target distance is represented by d1 (which is measured from the target face to the
nozzle’s central point of nutation). The resulting circular spray pattern is described
by the radius value r1. Parameters d1 and r1 represent the initial set-points of a
desired spray pattern size given the nutation magnitude φ. Due to the trigonometric
relationship between r1, d1 and φ, any change in d1 without a change in φ will result
in a change in spray pattern radius r1. This effect is represented in Figure 2-5 by
parameters d2 and r2. It can be seen that at the increased target distance d2, the
projected spray pattern radius has increased in size to r2. Conversely, the opposite
effect occurs when target distance is decreased from the initial set point, the radius
of the projected spray pattern reduces.
In an operator controlled system, the effect of target distance on spray pattern radius
is managed by the visual judgment of the shotcrete Nozzleman. The Nozzleman is
capable of manipulating the nozzles distance from the target surface to maintain a
constant spray pattern radius in order to achieve even coverage. This presents a prob-
lem for a purely autonomous system, unless said system has the capability to control
nutation magnitude φ in response to a change in target distance d1. The concept of
adjusting nozzle nutation magnitude in response to change in target distance is what
this thesis refers to as “Active Nozzle Nutation Control”. It is the core principle
behind the control strategy and end-effector design developed in this thesis for the
MASS’s shotcrete spraying capacity.
Though the passive nutation generation mechanism shown in Figure 2-3 is a solution
used by the MacClean Engineering company, it is also used by many of the other
shotcrete machine builders within the shotcrete equipment industry. Putzmeister, a
popular German manufacturer offers its WETKRET series, an entire product line of
shotcrete spraying systems which use a similar passive nutation generation mecha-
nism to the MacLean SS-2, with fixed nutation options of 8◦ and 10◦ [39]. Similar
passive fixed nutation mechanisms are also seen on the spray heads of the industry
current MEYCO ME series machines [40] and as well on older systems produced by
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OCMER such as the RAPIDO series spraying arms [41], and their COMPLETO se-
ries shotcrete machines which specifically offer a fixed nutation magnitude of 3◦ [42].
The near identical similarities in passive nutation generation mechanisms used by
current shotcrete machine builders shows that passive fixed nutation has widely been
accepted as the standard for manually operated shotcrete spraying systems and that
the avenue for an actively controlled autonomous nozzle nutation system has yet to
be implemented by the industry.
2.2.2 Autonomous Control of Shotcrete Spray - Theoretical
System Design
It was theorized that active nozzle nutation control could be achieved by replacing
the passive nutation generation mechanism of current automatic shotcrete nozzle
systems with two computer controlled actuators. The actuators would independently
affect the yaw and pitch angle of the nozzle tip in a manner similar to the pan and
tilt motions of pan-tilt-zoom (PTZ) camera systems. An example of a PTZ camera
system is seen in Figure 2-6 which depicts an Infiniti Electro-Optics Rugged Dual-
Sensor PTZ camera.
Figure 2-6: Infiniti Electro-Optics Rugged Dual-Sensor PTZ [2]
The pan-tilt mechanism that controls the yaw and pitch in PTZ camera systems
can be applied to the control of the yaw and pitch of a shotcrete nozzle. With
correct actuation coordination, the yaw and pitch actuators could be used to replicate
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the same nutation motions and spray patterns generated by the passive mechanical
mechanism. By using controlled actuators rather than relying on a mechanical device
to generate nutation, the magnitude of nutation can be actively adjusted by the
computer control system.
Of course, however, for the computer system to effectively control the nutation mag-
nitude in response to changes in target distance, the system must know the distance
between the surface and nozzle nutation centre at all times. The most obvious method
of obtaining this distance would be to outfit the end-effector system with a distance
measurement sensor which would allow the system to constantly check the target
distance. This in theory would work, however, in a practical application sense would
likely not be feasible. The spraying of shotcrete generates large amounts of airborne
shotcrete dust. The dust greatly reduces visibility making obtaining a reliable dis-
tance measurement challenging. This is further complicated by the fact that a large
amount of the airborne shotcrete dust settles and hardens on the shotcrete spraying
system itself. The effects of this can be seen in Figure 2-3. It can be seen that despite
regular cleaning the shotcrete spray head and mechanism are coated in a thin layer
of hardened shotcrete dust particles. This means that keeping clean any sensor that
is exposed during the spraying process would be almost impossible.
To overcome the above issue, rather than relying on active surface distance mea-
surement, the proposed system will rely on 3D laser scan data and the trajectory
generation capacity of the MASS to infer the distance between the target surface and
spray nozzle nutation centre. Inferring this distance is possible due to the work of
PhD candidate Micheal Wrock on the MASS system. His work allows the MASS to
localize itself within its environment and then generate manipulator arm trajectories
based upon 3D laser scans of the target surface taken before the spraying process
commences. The trajectories are generated in order to maintain a specified offset
from a control point on the manipulator’s last joint to the target surface. Given that
the manipulator arm will carry the end-effector system, the distance from the nozzle
nutation centre to the target surface can easily be determined. Micheal Wrock’s work
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additionally allows the MASS system to verify that appropriate surface coverage has
been achieved by conducting a post spraying laser scan of the target surface. The
MASS system compares the difference between the post spraying surface scan and
the preliminary surface scan conducted before spraying. From such a comparison, the
MASS is able to provide an estimate of the thickness of the shotcrete layer across the
target surface and verify that the shotcrete layer meets the required minimum layer
thickness for the given application.
The physical implementation of the theoretical system described in this section is
outlined in Chapter 3 of this thesis. Further details on its construction and control
algorithms can be found there.
2.2.3 Surface Radiation Detection - Theoretical Background
As detailed in Section 1.2.2 the secondary goal of this thesis is to enable the MASS
with the capacity to survey the radiation profile of the target surface before and after
the spraying process. This capacity is essential as determining the radiological profile
of the target surface is not only important from exposure reduction standpoint but as
well from a planning and logistics standpoint. Conversation with Cameco personnel
revealed that radiation intensity surveys of mine drift faces are taken by geologists and
mining engineers in order to determine the nature and course of the ore body being
mined. The current method of surveying involves personnel using a Geiger counter
mounted to the end of a long hand held pole to take measurements at positions along
the drift face of interest. Radiation measurements are taken in this manner in order
to reduce the exposure levels that the surveying personnel are subjected to and to
keep physical distance between the survey personnel and the unsupported drift face.
As it can be imagined surveying drift faces in this manner makes obtaining reliable
and accurate results challenging, and additionally, it places the survey personnel in
a hazardous environment. Equipping the MASS’s manipulator arm with a radiation
detection sensor will allow it to take localized measurements to detect the presence
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and amount of radiation emanating from the target surface. Given that the MASS
is capable of localizing itself relative to the target surface and relative to the control
point of the manipulator arm. These radiation measurements can be stored with the
associated physical locations they were taken at. Combining radiation measurements
with the 3D scan data of the physical environment from the MASS’s 3D laser scanner
will allow for the creation of a radiation profile of the target surface. This theoretically
will allow geologists to safely obtain radiation surveys of drift faces that are more
accurate than those generated from the current hand held detector pole process.
The generation of accurate drift face radiation profiles is also beneficial as shotcrete’s
secondary application in underground uranium mining, after excavation stabilization,
is radiation shielding. Depending on the level of surface radiation present, the thick-
ness of the shotcrete layer required for structural support may not be thick enough
to adequately block the radiation. Enabling the MASS with the ability to deter-
mine the radiation profile of the target surface would theoretically allow the MASS
to autonomously decide the additional required thickness of shotcrete to be applied
to the target surface for shielding purposes. This decision making ability is based on
the idea that the radiation profile would indicate the radiation “hot spots” on the
target surface which would require a thicker layer of shotcrete. Once the spraying is
complete, the MASS would then be able to take a post spraying survey of the target
surface and compare the results to the localized radiation measurements taken before
spraying. This would provide verification feedback to the MASS to confirm if a thick
enough shotcrete layer has been applied to reduce the level of radiation to an amount
deemed acceptable. Enabling the MASS with such a capacity provides the potential
for advanced levels of automation capable of optimizing the shotcrete spraying pro-
cess for radiation shielding. Rather than having to apply additional shotcrete over
the entire surface to ensure adequate shielding. The MASS would be able to apply
additional shotcrete only where it is needed, saving time and materials.
Though the ideas of remote geological surveying and optimized shotcrete application
present attractive concepts for the MASS, they are entirely predicated on the MASS’s
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ability to accurately measure the level of radiation present in a localized area. This
is not an issue of positional accuracy of the MASS, but rather a challenge due to
the omnidirectional nature of radiation. Given that the MASS will be surveying
a radioactive surface in a radioactive environment, there is great potential for the
readings of the radiation detector to be influenced by sources of radiation outside of
the specific area of interest. Figure 2-7 illustrates this concept.
Figure 2-7: Influence of Background Radiation on the Detector (1: Target Surface
Source Within Desired Detection Region, 2: Target Surface Source Adjacent to De-
sired Detection Region, 3: External Gamma Radiation Source, 4: Target Surface, 5:
“Desired” Detection Region, 6: End-Window Geiger Muller Tube)
Figure 2-7 represents a simplified 2D depiction of a potential scenario that the MASS
would encounter during the radiation surveying process in a uranium mining envi-
ronment. The MASS prototype uses an end-window Geiger Muller tube detector as
illustrated by Point 6 in Figure 2-7. The reasoning behind the choice of detector type
for the MASS prototype is outlined in Chapter 3.
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As noted earlier the key to developing an accurate radiation profile of the target
surface depends on the ability to measure radiation levels within a specific region.
As depicted in Figure 2-7 the specific region of interest contains radiation Source
1. Radiation Source 1 can be considered to be a large deposit of uraninite within
the target surface. Its radiation levels can easily be detected, however, the detector
reading can be skewed by the surrounding sources outside of the specific region of
interest. These sources are indicated by radiation Sources 2 and 3. Radiation Source 2
represents a source on the target surface that is adjacent to the region of interest. This
can be visualized as an adjacent uraninite deposit on the target surface. Radiation
Source 3 represents a source within the mining environment that is not associated
with the target surface or the region of interest. This could be a large uraninite
deposit on the opposite wall or simply radioactive rubble close to the target area.
Both sources represent an external environmental influence that can potentially skew
and inflate the detected levels of radiation in the desired detection region.
Preventing the influence of external sources outside of the region of interest is the
primary concept behind the deign of the radiation survey tool developed for the
MASS within this thesis. It was theorized that by adding appropriate shielding to
the MASS’s radiation detector it could be focused and limited to detecting radiation
only within the specified region of interest.
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2.2.4 Surface Radiation Detection - Theoretical Design
To reduce the influence of external radiation and limit the focus of the detector to the
region of interest, adequate shielding must be added around the detector. However,
in order to understand the shielding requirements for the detector, the nature of its
operation along with its intended use as depicted in Figure 2-7 require closer analysis.
The detector, as mentioned, is an end-window Geiger Muller (GM) tube. GM tubes
of this nature are essentially a gas-filled sealed cylinder with a thin window made of
mica at one end. The cylinder contains a central electrode running axially within the
tube. The outer steel cylinder acts as the device’s cathode and the internal electrode
acts as its anode. During operation the cathode and anode are held at high potential
difference but are unable to conduct through the inert gas within the tube. When
ionizing radiation particles enter the tube, ions are created within the gas of the tube
allowing for a discharge between the anode and cathode. The discharge produces a
current within the tube and in turn this creates a voltage pulse. The voltage pulses
can be counted in order to indicate the amount of ionizing radiation interacting with
the GM tube [43, 44]. The thin mica end-window of the GM tube functions as an
entrance point for α and β radiation which, unlike γ radiation, are unable to penetrate
the steel casing of the tube. The end-window feature of the GM tube allows for the
detection of α, β and γ radiation. This is ideal for the intended application of the
MASS which is to detect all radiation present within the desired detection region.
The use of an end-window detector also has the added benefit of flexibility regarding
the type of radiation it can detect. If the application requires the detection of only γ
radiation a thin aluminum cover can be added to the end-window to block the weakly
penetrating α and β radiation.
Though a highly simplified depiction, Figure 2-7 shows the two main ways in which
radiation sources present within the environment are able to influence the end-window
GM detector. The most obvious influence and easiest to reduce is represented by
Source 3 in Figure 2-7. This represents a gamma radiation source present within the
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mining environment that is not associated with the target surface being surveyed.
Due to the high penetration capability of gamma radiation, gamma rays may enter
the GM detector from its end-window and anywhere along its steel body. This means
that any source present within the environment has the potential to influence the
reading of the detector. The influence of these external gamma sources, however, can
easily be reduced by encasing the GM tube with some form of shielding as depicted
in Figure 2-8.
Figure 2-8: Basic Detector Shielding (1: Target Surface Source Within Desired De-
tection Region, 2: Target Surface Source Adjacent to Desired Detection Region, 3:
External Gamma Radiation Source, 4: Target Surface, 5: “Desired” Detection Re-
gion, 6: Lead Encased End-Window Geiger Muller Tube, 7: Actual Detection Region)
Figure 2-8 shows the most basic shielding method that can be provided for the MASS’s
GM detector. The shielding is simply a solid lead sheath that encases the circumfer-
ence of the detector leaving the end-window open. Radiation shielding functions via
the concept of attenuation. Meaning that the intent of the detector’s shielding is to
reduce the intensity of the particles entering the GM tube. Though technically any
37
material can be used for shielding, a material’s ability to attenuate gamma radiation is
largely dependent upon the material’s density and the thickness of material used dur-
ing shielding. Hence why lead, a relatively high density material, is commonly used
for radiation shielding applications [45]. For conceptual purposes the lead shielding
depicted in Figure 2-8 can be considered thick enough to adequately attenuate all ex-
ternal gamma radiation sources within the mining environment not associated with
the target surface. Shielding the detector in this manner would effectively reduce the
amount of external source influences. However, the detector is still susceptible to the
influence of radiation sources emanating from the target surface.
Radiation emanating from the target surface is represented in Figure 2-8 by Points 1
and 2. Point 5 in Figure 2-8 highlights an idealized “desired” detection region. The
“desired” detection region is essentially a localized area on the target surface that
one wishes to isolate from all other sources of radiation from the perspective of the
MASS’s detector. This, in the most simplistic form, can be thought of as the desire to
detect the radiation source at Point 1 without simultaneously detecting the radiation
source at Point 2. However as shown by Point 7, due to the lack of shielding around
the end-window of the detector. Any source within a 180 degree field of view from
the detector can potentially be detected and influence the result. This field of view
however can be narrowed through implementation of a concept known as collimation.
Conceptually collimation can be thought of as a process that filters the energy rays
emanating from a diverging source, allowing only the rays traveling in a specific
direction to pass through the filter. Collimation is widely used in nuclear imaging
equipment such as gamma cameras to enhance image resolution and in radiation
detectors to create directional sensitivity. The physical component that facilitates
collimation within these devices is referred to as a collimator. Gamma collimators
work on the principle of absorptive collimation. Meaning the collimator only allows
gamma rays traveling in certain directions to pass through; all other rays are absorbed
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by the body of the collimator. Hence, collimators are typically constructed from high
density materials such as tungsten or lead, to increase the probability of absorption.
A gamma collimator used in imaging equipment can be visualized as barrier with
an array of equally sized holes that is placed between the radiation source and the
detector. A multitude of collimator designs exist, however, the most common and
widely used in imaging equipment is the parallel-hole collimator, a collimator in which
the array of holes passes straight through the collimator body and remain parallel
to one another [46]. Figure 2-9 depicts the basic construction and function of a
parallel-hole collimator in a gamma camera system.
Figure 2-9: Parallel-Hole Collimator [3]
As seen in Figure 2-9 the parallel-hole collimator allows only the rays traveling at
certain angles to fully pass through to the detector. The design of collimators for
imaging equipment is far more advanced than what is required for simple radiation
detection devices. This is due to the fact that the interest of imaging systems is to
spatially resolve the shape and position of the source within the view field. Whereas
simple radiation detectors, such as the end-window GM tube, are only designed to
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detect the level of radiation present. However different, the same concepts of ab-
sorptive collimation can be applied to enhance the directional sensitivity of a simple
non-spatial detector such as an end-window GM tube.
Given that the intended application of the MASS’s detector system is not for radiation
imaging but rather for localized radiation quantification. The design of the collimator
can be reduced to a single tube-like structure, whose purpose is to restrict the field
of view of the detector, thereby increasing its directional sensitivity and defining its
detection zone. The conceptual design of such a collimator for the MASS’s detector
is illustrated in Figure 2-10.
Figure 2-10: Shielded Detector With Collimator (1: Target Surface Source Within
Desired Detection Region, 2: Target Surface Source Adjacent to Desired Detection
Region, 3: External Gamma Radiation Source, 4: Target Surface, 5: Actual Detection
Region, 6: Tube Collimator, 7: Lead Encased End-Window Geiger Muller Tube)
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As shown in Figure 2-10, the addition of the tube collimator to the end-window of the
GM tube greatly restricts its field of view. Only radiation traveling at an angle within
the range described by the dotted boundaries in Figure 2-10 may actually enter the
detector un-attenuated. This theoretically achieves the reduction of external radiation
influence from target surface sources and has the added benefit of restricting the
detection region to a known size. As can be seen in Figure 2-10, the 2D representation
of the the detection region as described by the dotted lines is triangular. Given the
circular shape of the detector and collimator tube this can be visualized in 3D as a
cone whose base is described by the value d. The value d represents the diameter
of the base of the cone that is projected onto the target surface (the span of the
detection region).
The finite size and shape of the detection region is defined by the collimator’s geo-
metric dimensions and its relative distance to the target surface. Figure 2-11 depicts
these key dimensions in relation to one another.
Figure 2-11: Influence of Collimator Design and Distance on Detection Region Size
(a: Diameter of collimator Opening, b: Collimator Length, c: Collimator Distance
From Target, d: Projected Diameter of Detection Region on Target Surface)
41
As indicated by the value θ in Figure 2-11, the maximum included angle (spread)
of the detection region is defined by the diameter of the collimator opening a and
its length b. The spread can be increased by either increasing the diameter of the
collimator opening or decreasing the collimators length. Conversely, decreasing the
diameter of the opening or increasing the length of the collimator decreases the spread
of the detection region. Lastly, the span of the detection region on the target surface
d is dictated by the relative distance of the target surface from the collimator c. Due
to the identical triangular projection geometry, the span of the detection region d
is affected by target distance in the same manner that the circular shotcrete spray
pattern size is affected by relative target distance. As the distance c increases, the
span of the detection region d will proportionally increase, the opposite is true as
well.
The implications of these dimensions, in relation to the intended function of the
MASS’s radiation surveying capacity, is that their manipulation allows for control
over the size and shape of the detection region, thereby providing control over the
accuracy of the generated radiation profile of the target surface. Once the dimensions
of the collimator are specified in the design process, the spread of the detection area
will be defined. From this point, the remaining dimension to specify is the desired span
of the detection region across the target surface. Given that this dimension is driven
by the relative target distance, the positioning control of the MASS’s manipulator arm
can be leveraged in order to accurately position the detector relative to the target
surface, effectively providing the MASS system with control over detection region
span. Hence, the conceptual shielded and collimated radiation detector described in
this section, should theoretically enable the MASS system with the ability to take
radiation readings within known localized regions on the target surface and, from
such, generate a radiation profile of the target surface.
The detailed physical implementation of the theoretical detector described in this
section can be found within Chapter 3.
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Chapter 3
Prototype Design and Analysis
This chapter provides a detailed overview of the physical design behind the proof-
of-concept end-effector system developed in this thesis. Within this chapter can be
found: the specific physical and functional requirements of the prototype system, an




The MASS robot is a small scale, proof-of-concept, prototype system intended for
developmental work within an indoor laboratory. Therefore, its engineering require-
ments and the requirements of its sub-systems differ greatly from those of a full-scale
autonomous shotcreting machine. The specific prototype requirements of the MASS’s
end-effector system have been divided into two groups: functional and physical.
3.1.1 Physical Requirements
The following is a list of the physical requirements that the prototype end-effector
system must fullfill:
1. The end-effector system must be designed to interface with the MASS’s Denso
VP-6242 manipulator arm.
2. The total weight of the end-effector system must not exceed the 2 kg payload
capacity of the DENSO VP-6242.
3. The end-effector system must be as compact as possible to prevent interference
with the dexterity of the DENSO VP-6242 arm.
4. Due to the limited space and payload capacity of the VP-6242, the end-effector
system must integrate both capacities of shotcrete spraying and radiation scan-
ning into one single integrated end-effector.
5. The radiation detection tool must have sufficient shielding to prevent detection
of radiation emanating from sources other then the target surface.
6. The robotic shotcrete spraying tool must use two independent actuators for the
yaw and pitch control of the simulated nozzle.
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3.1.2 Functional Requirements
The following is a list of the functional requirements of the MASS’s prototype end-
effector system:
1. The robotic shotcrete spraying tool must be able to maintain a circular spray
pattern of consistent radius on the target surface regardless of target distance.
2. The system must simulate the shotcrete spray in a manner that is consistent,
repeatable and friendly to an indoor laboratory environment.
3. The radiation detection tool must be able to detect surface radiation within a
limited and known area on the target surface.
3.1.3 Assumptions
A number of assumptions were made in order to develop the prototype end-effector
system in this thesis. The assumptions made are as follows:
1. The distance from the target surface to the nozzle nutation centre can always
be determined from the generated manipulator arm trajectories.
2. The control point of the shotcrete spray is along the central axis of the shotcrete
nozzle at the target surface.
3. The manipulator arm will always present the end-effector system perpendicular
relative to the target face in the yaw and pitch directions.
4. The function of the radiation detection tool is to simply detect the presence




This section discusses the physical design of the prototype end-effector system. It is
split into two separate sub-sections. The subsections outline the design of the robotic
shotcrete spraying tool and the design of the radiation detection tool, respectively.
3.2.1 Robotic Shotcrete Spraying Tool
Prototype design development was done with the use of the Computer Aided Design
(CAD) software package Autodesk Fusion 360. The resultant final Fusion 360 CAD
model of the prototype robotic shotcrete spraying tool can be seen in Figure 3-1.
Figure 3-1: Robotic Shotcrete Spraying Tool CAD Model
As mentioned at the beginning of this chapter, the end-effector system developed for
the MASS is a proof-of-concept scale prototype intended for use in an indoor labo-
ratory environment. Therefore, developing an end-effector that was actually capable
of spraying shotcrete was not feasible. Due to this, several simplifications were made
in the design. Hence, why the end-effector tool shown in Figure 3-1 does not visually
represent a traditional shotcrete spray head.
As outlined in Section 2.2.2 the concept behind the design of the MASS’s robotic
shotcrete spraying tool came from the operational characteristics of PTZ camera
systems. Specifically the pan-tilt functionality. In order to emulate this functionality,
46
it was decided to used two Nema17 stepper motors assembled into a basic pan-tilt
configuration. Furthermore, to allow for repeatable testing within a lab environment,
it was decided to simulate the control point of the shotcrete spray with a low-power
blue laser. This configuration can be seen in detail in Figure 3-2.
Figure 3-2: Detail View of the Robotic Shotcrete Spraying Tool (1: Denso VP-6242
Interface Plate, 2: Yaw Stepper Assembly, 3: Pitch Stepper Assembly, 4: Laser
Module)
As seen in Figure 3-2 the basic pan-tilt system is comprised of two stepper motor
assemblies, one to control the yaw of the laser module and the other to control its
pitch. The yaw stepper assembly mounts directly to the DENSO VP-6242 via an
interface plate and has a support that carries the pitch stepper assembly. The laser
module is mounted directly to the shaft of the pitch stepper motor. The configuration
of the pan-tilt system allows the laser dot of the laser module to be easily actuated in
the yaw and pitch directions. The entire assembly is carried by the DENSO VP-6242
in a relative fixed downward orientation as depicted in Figure 3-3.
Due to the use of stepper motors for actuation, special consideration had to be taken
in the design of the prototype. Though stepper motors provide an accurate and
repeatable means of rotational positioning, their caveat is that they do not inher-
ently provide feedback on their position. Relative positional control is essential for
providing coordinated actuation of both the yaw and pitch steppers. Due to the size
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Figure 3-3: DENSO VP-6242 Shotcrete Spraying Tool Downward Carry Orientation
constraints of the the end-effector system, implementing encoder feedback was not fea-
sible. To overcome this, the simplistic and more widely used method of stepper motor
homing was implemented. Stepper motor homing relies on the functional properties
of stepper motors, specifically that they are able to take precise incremental steps
based on the number of pulse signals sent to them from a controller. The controller
commanding the stepper motor is capable of counting the number of pulse signals
sent to the stepper. From this, the number of steps taken is known and thereby,
the relative distance travelled can be determined. The challenge presented by this is
that the controller can only determine the relative distance traveled from the point
it was first initialized. Therefore, the system must be initialized at some fixed and
known home position. This is typically achieved though the interaction of the object
being driven by the stepper motor with a fixed location mechanical switch. The fixed
location mechanical switch is commonly referred to as a home switch. Figures 3-4
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and 3-5 depict the manner in which a compact mechanical homing mechanism was
integrated into the design of the yaw stepper assembly.
Figure 3-4: Yaw Stepper Assembly
Figure 3-4 shows the yaw stepper assembly in its fully assembled form, its orientation
has been inverted for visual clarity of its construction and operation. The homing
mechanism makes use of a cam and a micro switch with a lever type catch. Its
construction can be seen in greater detail in Figure 3-5.
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Figure 3-5: Yaw Stepper Assembly Exploded View (1: Pitch Stepper Support Arm,
2: Yaw Cam Collar, 3: Lever Micro Switch, 4: Switch Plate)
Figure 3-5 shows the exploded view of the yaw stepper assembly and details its
primary components. As mentioned above, the homing mechanism makes use of a
cam and a micro switch with a lever type catch. Given that the operation of the
shotcrete spraying tool does not require the yaw and pitch stepper motors to make
full rotations, it was possible to affix a cam collar to the shafts of the stepper motors.
The cam is designed with a single smooth protrusion which contacts the lever arm of
the micro switch when the stepper motor is rotated clockwise. The micro switch is
affixed to the yaw stepper motor via the switch plate which bolts to the face of the yaw
stepper motor. The switch plate serves two purposes: to provide a fixed location for
the micro switch and to carry the thrust bearing that the cam collar rides on during
operation. This thrust bearing is necessary due to the fact that the cam collar is also
the mounting point for the pitch stepper assembly support arm. The thrust bearing
provides smooth rotation of the cam collar under the transferred weight of the pitch
stepper assembly. The homing sequence and function of the cam-lever mechanism in
the yaw stepper assembly is illustrated in Figure 3-6.
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Figure 3-6: Yaw Stepper Homing Sequence (1: Cam Contact Point)
As seen in Figure 3-6, the yaw stepper motor rotates clockwise until the cam collar
affixed to the stepper’s shaft makes contact with the lever arm of the micro switch.
The contact point is indicated by Point 1. Once the micro switch is activated, this
tells the system’s controller that the stepper has reached its home position. This
home position is represented by the angle β. From the home position the controller
then rotates the yaw stepper counterclockwise to some angle θ. This puts the stepper
into its operational position. The operational position of the yaw stepper is relative
to the manner in which the spraying tool is carried by its manipulator arm. For
the purposes of this thesis, the operational starting position of the yaw stepper is
perpendicular to the angle of the 6th joint of the DENSO VP-6242. The magnitude
of θ and β are calibrated values based upon the actual physical assembly.
Due to the similarity in construction of the yaw and pitch stepper assemblies, the
concept of the compact homing mechanism used in the yaw stepper assembly was
implemented in the design of the pitch stepper assembly. The assembled form of the
pitch stepper assembly can be seen in Figure 3-7.
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Figure 3-7: Pitch Stepper Assembly Assembled View (1: Blue Laser Module, 2: Lever
Micro Switch, 3: Switch Plate, 4: Pitch Cam Collar)
The homing mechanism of the pitch stepper assembly is of near identical construction
and operation to that of the yaw stepper assembly. However, it differs in that it does
not require the use of a thrust bearing beneath its cam collar. The laser module
does not weigh enough nor does it produce large enough reactionary forces during
operation to necessitate additional bearing support.
As noted at the beginning of this section, it was decided that the control point
of the shotcrete spray on the target surface would be represented by the dot of a
low-power blue laser. The decision to use a laser over a sprayed media was based
on the reality that any type of spray media would be potentially harmful to the
electronic components of the DENSO VP-6242 and the components of the prototype
tool. Additionally, the intent of the robotic shotcrete spraying tool is to provide
control over the central point of the shotcrete spray on the target surface. Therefore,
a laser dot is ideal for projecting the specific central control point onto the target
surface. A blue laser was chosen due to the experimental requirements for testing
the prototype system. Discerning and recording the path traveled by the laser dot
on the target surface during operation is a necessity in order to empirically verify
the behavior of the tool’s control system. Therefore, in order to facilitate this, the
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prototype target surface was coated in ultraviolet (UV) reactive pigment paint. As
the blue laser dot travels over the surface, it will activate the pigment paint leaving a
visual trail that can be later analyzed. Specific and further details on the experimental
testing process can found in Chapter 4 as well specific details on the laser unit chosen
can be found in Section 3.3.1.
Figure 3-8: Laser Module Detail View (1: Laser Heat Sink Mount, 2: Blue Laser
Unit, 3: Setscrew Shaft Mounting Collar)
Figure 3-8 shows the primary components of the laser module. The laser unit is a 10
mW focusable blue dot laser. The laser is held in place by its heat sink mount and
is affixed to the pitch stepper shaft via a setscrew mounting collar. The heat sink
mount serves two distinct purposes. Its primary purpose is to provide cooling for the
laser during long periods of operation and allow, in the event it is needed, the use of
higher power laser units. Its secondary purpose is to ensure that the central axis of
the laser unit coincides with the intersection point of the central axes of the yaw and
pitch stepper motors. This ensures that the projected spray pattern is not affected
by improper alignment between the the yaw and pitch axes and the axis of the laser
unit.
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Robotic Shotcrete Spraying Tool Physical Prototype
Figure 3-9: Robotic Shotcrete Spraying Tool Final Physical Prototype
Figure 3-9 shows the final physical prototype of the robotic shotcrete spraying tool. Its
components were machined from 6061-T6 aluminum to allow the prototype to remain
lightweight and strong. The final assembled dimensions of the prototype shotcrete
tool are approximately 2.50” (63.50 mm) in length, 3.50” (88.90 mm) in width and
4.25” (107.95 mm) in height. The final assembled weight of the shotcrete tool totaled
576.9 grams.
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3.2.2 Radiation Detection Tool
The final CAD model of the prototype radiation detection tool that was developed
for the MASS in this thesis is shown in Figure 3-10.
Figure 3-10: Radiation Detection Tool CAD Model
Figure 3-10 shows the detector tool in its fully assembled form along with a cutaway
view of its internal components. The physical prototype closely follows the conceptual
design of the theoretical detector described in Section 2.2.4. However, similar to the
the robotic shotcrete spraying tool, several design choices were made based upon the
fact that this tool was being designed as a scale prototype for the DENSO VP-6242
arm. Figure 3-11 details each of these design choices relative to the cutaway view
of the detector tool. It should be noted that the components of the tool have been
colourized for clarity of detail.
Indicated by Point 1 in Figure 3-11 is an LND-712 Geiger-Muller detector, the core
functional component of the radiation detection tool. A wide variety of detector
types exist for the quantification of ionizing radiation, such as: Geiger-Muller detec-
tors, scintillation detectors and solid-state type detectors. As mentioned in Section
2.2.4, the detector chosen for the physical prototype was an end-window type Geiger-
Muller detector. This type of detector was chosen over scintillation and solid-state
detector types for two specific reasons. The first being that the goal of the MASS
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is to simply quantify the amount of radiation present. Scintillation and solid-state
detectors are better suited for applications involving gamma spectroscopy; where the
intent is to quantify the various energy levels of radiation present. The secondary
reason comes from the standpoint of the physical spatial limitations of the prototype
system. Scintillation type detectors, though capable of a higher detection efficiency,
are physically much larger than GM type detectors. Due to the physical constraints
of the DENSO VP-6242 manipulator arm and the intended application of the MASS
system, it was decided that the end-window type GM detector was best suited for
use with the prototype.
Figure 3-11: Radiation Detection Tool - Cutaway Detail View (1: LND 712 End-
Window Geiger tube, 2: Composite Detector Shielding Structure, 3: Steel Casing, 4:
Lead Lined End-Cap, 5: Detector Collimator)
Points 2, 3 and 4 in Figure 3-11 highlight the shielding assembly designed to attenu-
ate the influence of gamma radiation sources not associated with the target surface.
Points 2 and 3 highlight the main assembly of the composite shielding structure that
encases the circumference of the LND-712 detector. The composite shielding struc-
ture leaves only the end-window of the detector exposed. As indicated by the differing
colors in Figure 3-11, the composite structure of the detector’s main shielding assem-
bly is comprised of three materials: lead, high density polyethylene (HDPE) and
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steel. The lead material, coloured in blue, serves as the main shielding component.
Coloured in red and indicated directly by Point 2 is the HDPE casing. The HDPE
casing electrically isolates the LND-712 detector from the exterior shielding material.
This was an essential requirement due to the fact that the entire steel body of the
LND-712 is the detector’s cathode. Unfortunately due to limitations of fabrication
techniques available, the HDPE casing could not be constructed as a thin-walled
component sized snugly around the LND-712. To compensate for this, a lead lining
was used to fill the internal void between the LND-712 and the HDPE casing. This
created a secure fit and provided additional radiation shielding. The final layer of the
composite shielding structure is coloured in orange and indicated by Point 3. This
layer is simply a mild steel casing intended to protect the detector and its soft lead
shielding.
Point 4 in Figure 3-11 indicates the secondary shielding assembly for attenuating
external gamma radiation sources. Due to the cylindrical construction of the main
shielding assembly, the ends of the LND-712 were left exposed. To prevent entry of
radiation into the rear of the LND-712, a lead lined plastic end-cap was constructed
to close off the rear of the detection tool. The only un-shielded portion of the end-
cap is a small pass though hole for the LND-712’s electrical connections. This pass
through hole was only included for ease of prototype fabrication. In practice the cable
connections would either be routed differently or the end-cap would be completely
sealed around the cables.
Point 5 in Figure 3-11 highlights the prototype collimator of the radiation detection
tool. As described in Section 2.2.4 the purpose of the collimator is to restrict the
detection zone and attenuate influence of gamma radiation sources on the target
surface. Its construction is identical to that of the theoretical collimator described
in Section 2.2.4. The main body of the collimator is a tube like structure made of
lead. The collimator body is encased in a plastic cap which protects the soft lead and
serves as a removable mounting sleeve that slides over the steel casing of the main
shielding assembly. This design allows the radiation detection tool to be tested with
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or without the collimator and even be tested with different sized collimators.
Radiation Detection Tool - Shielding Capacity Analysis
The ability of a material to shield against gamma radiation is typically quantified by
a parameter known as its Half Value Layer (HVL) or halving-thickness. This value
represents the thickness required to reduce the intensity of a gamma ray to half of
its initial value after passing through the shielding [5, 47]. Each material has its own
unique halving thickness, hence why some materials are better suited for shielding
than others. Typically higher density materials provide the most shielding; allowing
for thinner Half Value Layers. Material density is an important factor, however,
the value of halving thickness is also dependent on the energy level of the radiation
interacting with the shielding. Radiation penetration power increases as the gamma
radiation energy level increases. As previously noted, the main shielding assembly
of the MASS’s radiation detection tool is a composite structure. Therefore, it is
important to understand its true attenuation capacity based upon the thicknesses of
materials used in its construction in relation to the energy levels of gamma radiation
the tool may encounter.
The remaining intensity of a penetrating gamma ray reduces as the thickness of the
shielding material increases. This is an effect with exponentially diminishing returns
as equal Half Value Layers of shielding are added. The reduced radiation intensity
can be calculated as a percentage based upon the number of Half Value Layers used
for shielding as:
I = 0.5n (3.1)
where I is the percentage of the initial radiation intensity remaining and n is the
number of full Half Value Layers used [48]. It is however more convenient to use
Equation (3.1) where n is represented as a fraction of the specific HVL of a material
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based upon the measured thickness used:
I = 0.5(t/HV L) (3.2)
where t is the thickness of shielding material used and HV L is the material specific
Half Value Layer thickness. Equation (3.2) allows the reduced intensity of radiation
to be calculated based upon the material’s specific HVL and the thickness of material
used. As previously noted, the thickness of a material’s HVL is affected by the energy
level the radiation that it is interacting with. Higher energy radiation possesses
greater penetration power than lower energy radiation. Hence, a thicker material
HVL is required to achieve the same halving effect. Therefore, it is important that
the attenuation capacity of the shielding be appropriately evaluated based upon the
intended application.
The MASS’s radiation tool is intended for use in a uranium mining environment for
geological surveying. Therefore, it can be expected that the the detection tool will
predominantly interact with uranium isotopes at various stages of decay. Uranium-
238 and Uranium-235 are the most abundant uranium isotopes on earth, with relative
abundances of 99.25% and 0.75%, respectively [49]. Given the dominance in abun-
dance of Uranium-238 its decay chain has been considered as the primary radiation
source that the MASS’s radiation detection tool will interact with. The primary de-
cay mode of Uranium-238 and its progeny is alpha emission. Hence why uranium is
seen primarily as an alpha emitter. Though alpha radiation is the primary emission of
the Uranium-238 decay chain, many of Uranium-238’s progeny emit low levels of beta
and gamma radiation. The presence of gamma emitting progeny in the Uranium-238
decay chain is why large quantities of uranium pose a low level external radiation risk
to humans. In reference to a uranium mining environment these large quantities of
uranium are large deposits of high-grade pitchblende (uraninite ore) [16].
Most of the gamma emitting progeny of Uranium-238 emit low energy gamma rays,
typically rays with energies less than 500 keV. Some of the later stage progeny how-
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ever, such as Bismuth-214 emit low levels of high energy gamma radiation. The most
intense of the gamma rays emitted by Bismuth-214 range in energies greater than 1.0
MeV, with the 1.12 MeV and 1.76 MeV energies being the most common at 15.1% and
15.4% relative intensity, respectively [50, 49]. Based on this, it is assumed that the
MASS’s radiation detection tool will predominantly interact with low energy gamma
radiation below 500 KeV and high energy gamma radiation in the average range of
1.44 MeV. The energy level of gamma radiation present will depend on the decay
state of the uranium deposit being surveyed. Given that the decay state of individual
deposits around the ore body of a uranium mine cannot be predicted, it is important
to evaluate the shielding of the MASS’s radiation detector in both the high and low
average energy ranges of expected gamma radiation.
Figure 3-12 shows an isolated view of the shielding components that comprise the
composite shielding structure of the MASS’s radiation detection tool. It is noted
that the HDPE layer and rear plastic end-cap are not considered to be shielding
components and therefore have been excluded from Figure 3-12.
Figure 3-12: Isolated Cutaway View of Main Shielding Assembly
The shielding assembly depicted in Figure 3-12 is designed to attenuate gamma radia-
tion from external sources not associated with the target surface being surveyed. Due
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to the unstructured nature of uranium mines, these external gamma radiation sources
may be at any point in space relative to the detection tool. This, in addition to the
omni-directional nature of radiation, means that gamma rays may strike the shielding
assembly at any point and angle. This translates to a wide range of cross sectional
shielding thicknesses that a gamma ray may encounter, leading to differing amounts
of attenuation. For the purposes of this thesis, however, the worst case scenario is
considered for the analysis of the shielding design, i.e., a gamma ray penetrating the
shielding without scatter at an angle perpendicular to the thinnest cross-section of
the shielding. The cutaway view shown in Figure 3-13 depicts the two scenarios where
this can occur.
Figure 3-13: Worst Case Radiation Penetration Scenarios
Shown in Figure 3-13 are the two scenarios in which a gamma ray will encounter
the thinnest shielding cross-sections of the radiation detection tool. Scenario 1 is
represented by I1, which depicts a gamma ray of intensity I striking the main body
of the shielding assembly. In this scenario the gamma ray will first encounter the outer
steel casing and then the inner two layers of lead shielding (which can be thought of as
one combined layer) before reaching the LND-712 detector. Scenario 2 is represented
by I2, which depicts a gamma ray striking the lead lining of the detector’s shielded
end-cap. In this scenario the gamma ray encounters only the lead lining of the end-cap
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before entering the rear of the LND-712 detector. It is noted that Scenario 2 neglects
the wire pass through hole in the lead lining of the end-cap and assumes it to be one
solid body. This pass through hole was included as a simplification for fabrication of
the initial prototype. In practice, the detector wiring would be routed at a 90 degree
angle through the shell of the main casing to prevent a direct path through which
radiation could reach the detector. It is also noted that the scenario in which a gamma
ray passes through the lead body of the detection tool’s collimator has been excluded
as a scenario for analysis. This choice was made as the lead body of the collimator
is much thicker than the lead shielding present in the composite shielding structure
and that of the lead lined end-cap. Therefore, it was concluded that the minimum
effective shielding thickness is dictated by the composite shielding structure and the
lead lined end-cap, not the collimator. Figure 3-14 shows an exploded view of the
shielding assembly and details the respective thicknesses of each shielding component.
Figure 3-14: Main Shielding Assembly Exploded Detail View
It can be seen from Figures 3-13 and 3-14 that in Scenario 1, the gamma ray must
pass through 1.47 mm of steel and a combined total of 5.27 mm of lead shielding
in order to reach the LND-712 detector. In Scenario 2, the gamma ray must pass
through 5.84 mm of lead shielding before it can reach the rear of the LND-712 de-
tector. It is important to note that the assumption made in Scenarios 1 and 2 is
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that the incident gamma ray will penetrate each layer of the shielding at a 90 degree
angle without scatter. This implies that each subsequent layer of shielding sees the
remaining attenuated intensity of the gamma ray from the prior layer. This leads to
the following Equation:
ID = I1I2I3... (3.3)
In Equation (3.3), ID represents the attenuated intensity of the gamma ray as seen by
the detector after it has passed through all the layers of shielding. I1,2,3,... represents
the attenuated intensities of a full strength ray passing through each individual layer
of shielding, as calculated using Equation (3.2).
The calculation of Equation (3.2) requires knowledge of the shielding material’s HVL
against the specific energy level of the radiation source that it is shielding against.
Specific HVL data for steel and lead against a large Uranium-238 source could not
be found. Therefore, HVL data for lead and steel against Cesium-137 and Cobalt-
60 sources were used to provide an approximation of the radiation tool’s shielding
capacity. This choice was made as the average gamma energy levels of Cesium-137
and Cobalt-60 are within the approximate range of the average high and low energy
levels of Uranium-238’s gamma emitting progeny. Table 3.1 lists the average gamma
energy level for Cesium-137 and Cobalt-60 sources along with the respective HVL
data for the lead and steel shielding material.
Table 3.1: Lead and Steel HVL Data for Cesium-137 and Cobalt-60 Sources [5, 6, 7]
Source Avg. γ Energy (MeV) Lead HVL (mm) Steel HVL (mm)
Cesium-137 0.662 7.0 16.0
Cobalt-60 1.25 12.5 21.6
As can be seen in Table 3.1, the average gamma energy level of Cesium-137 is 662
KeV. This is within the approximate range of the low energy gamma emissions of
the Uranium-238 progeny that fall below 500 KeV. Cobalt-60 has an average gamma
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energy of 1.25 MeV. This approximates the 1.44 MeV relative average energy of the
high energy gamma emissions given off by Uranium-238’s late stage Bismuth-214
progeny.
The data from Table 3.1 along with Equations (3.2) and (3.3) were combined to pro-
vide an analysis of the radiation detection tool’s main shielding assembly in the two
scenarios illustrated by Figure 3-13. The analysis calculations can be found in Ap-
pendix A. Analysis showed that in Scenario 1, the approximate attenuation capacity
of the composite shielding assembly for low and high gamma radiation levels is 44.4%
and 28.7%, respectively. This means that it is expected that a low energy gamma
ray below the 500 KeV range will be reduced to 55.6% of its original intensity by the
time it reaches the detector. In the case of a high energy gamma ray, it is expected
that the ray’s intensity will be reduced to approximately 71.3% of its original value.
Analysis of Scenario 2 two yielded similar results, finding the attenuation capacities
for low and high energy gamma radiation to be 43.9% and 27.7%, respectively. This
results in a low energy gamma ray being reduced to 56.1% of its original intensity
and a high energy gamma ray being reduced to only 72.3%.
The analysis indicates that the minimum effective shielding of the entire detection
tool is dictated by the lead lining of the detection tool’s end-cap. The estimated
minimum attenuation capacities of 43.9% and 27.7% are not ideal. A thicker layer of
lead in both the composite shielding structure and the lining of the end-cap would be
preferred. However, due to payload and spatial constraints of the DENSO VP-6242,
this could not be achieved for this prototype system.
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Collimator Design
As explained in Section 2.2.4 and illustrated by Figure 2-11 the dimensions of the
collimator directly influence the size of the un-attenuated detection region of the
detection tool. Figure 3-15 shows the dimensions used in the design of the collimator
for the physical prototype of the MASS’s radiation detection tool. Figure 3-15 also
shows the 2D dimensions of the resulting detection region.
Figure 3-15: Prototype Collimator and Detection Region Dimensions
(a: 0.375” (9.53 mm), b: 1.00” (25.40 mm), c: 1.50” (38.10 mm),
d: 1.50” (38.10 mm), θ : 41.1o)
As shown in Figure 3-15, the dimensions of the prototype collimator result in a
detection region with approximately 41.1◦ of spread and a span of 1.50” across the
target surface when the detection tool is held at a relative target distance of 1.50”
(38.10 mm). The diameter of the collimator opening was chosen to be 0.375” (9.53
mm). This dimension was chosen as the maximum effective diameter of the LND-
712’s end-window is 0.360” (9.14 mm). The intention was to prevent the collimator
from limiting the maximum possible geometric efficiency of the detector. The 1.00”
(25.4 mm) length of the collimator was chosen to give the resulting detection zone
span of 1.50” (38.1 mm) at 1.50” (38.1 mm) from the target surface. The dimensions
of the detection zone were chosen to allow the detection tool to cover larger areas
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of the target surface during testing. It is noted that the size of the detection zone
and dimensions of the collimator are application specific. Therefore, the dimensions
chosen for the scale prototype were chosen based upon the size of the experimental
setup used to test the detection tool. Details on the experimental setup can be found
in Chapter 5.
Radiation Detection Tool Physical Prototype
Figure 3-16: Robotic Shotcrete Spraying Tool Final Physical Prototype
Figure 3-16 shows the final physical prototype of the radiation detection tool. Fully
assembled, the radiation detection tool stands approximately 4.00” (101.6 mm) tall
with a maximum external diameter of 1.635” (41.53 mm) and weighs 597 grams.
Figure 3-17 shows the internal physical construction of the final prototype.
As shown in Figure 3-17, the lead shielding of the detection tool and the lead body of
the collimator are made from wrapped layers of 0.03125” (0.79 mm) thick lead sheet.
This proved to be the most practical method for fabrication given the long cylindrical
shape of the detector. The collimator cover and end-cap are made from 3D printed
PLA plastic.
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Figure 3-17: Robotic Shotcrete Spraying Tool Final Physical Prototype
3.2.3 Integrated End-Effector System
As stated at the beginning of Section 2.2, the prototype end-effector system developed
for the MASS has two distinct functional capacities. Autonomous control of the
shotcrete spray and detection of target surface radiation. Having no direct functional
correlation during operation, each capacity was considered to be its own independent
subsystem. Hence, each subsystem was considered to be a separate tool to be used
for separate operations. The idea is that the MASS system would use a robotic
tool changer in order to interchange between tools depending on the required task.
The concept of the MASS switching between tools not only comes from the stark
functional differences of the two subsystems, but as well out of necessity. As noted in
Section 2.2.2, the spraying of shotcrete generates large amounts of airborne dust which
settles and hardens on the shotcrete spraying equipment itself. This means that if
the robotic shotcrete spraying tool and the radiation detection tool were constructed
as one single unit, it would prove challenging to keep the radiation detector free of
hardened concrete, which may affect its readings.
A robotic tool changer can be thought of, in the most basic sense, as an interface
device that allows a robotic manipulator arm to switch between tools with identical
mating interface components. The idea of the robotic tool changer is not new and
has been widely developed in the robotics industry. This has lead to a wide vari-
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ety of commercially available standard tool changers. Though widely available, the
large caveat of commercially available tool changers is that they have been highly
adapted to working in relatively clean industrial environments. This makes them
highly susceptible to dust, dirt and water, thereby, making them unfeasible in harsh
dirty environments [51]. This susceptibility creates a large challenge for the MASS
system given the wet and muddy environment of underground mines and the added
harshness of airborne shotcrete dust in the robot work zone. Therefore, it can be
seen that the MASS, in addition to its specialized tools, requires a specialized tool
changing system capable of operating in its harsh native work environment.
Brillowski [51] outlines and provides recommendations for the development of a tool
change mechanism capable of operating in harsh environments containing water and
mud. In this article Brillowski describes three key tool changer design choices that
must be considered for use in a harsh environment: type of coupling operation, choice
of actuator, and choice of locking mechanism. Brillowski describes these three choices
as key factors that influence both the effectiveness and practicality of a tool changer
in a harsh environment. The development of a tool change system for the MASS
prototype based on the recommendations of Brillowski was investigated during this
thesis. However, it was concluded that the development of such a system was beyond
the scope of this thesis and the physical limitations of the DENSO VP-6242 arm
being used with the current MASS prototype.
Given the physical limitations of the DENSO VP-6242 and the fact that the current
MASS prototype is intended for use in an indoor lab environment, it was decided
to integrate the robotic shotcrete spraying tool and radiation detection tool into a
single unit for the DENSO VP-6242 to carry, leaving the development of a harsh
environment tool change system for a later stage MASS prototype with a larger and
more capable manipulator. Figure 3-18 shows the CAD model of the final integrated
end-effector system for the current MASS prototype.
As seen in Figure 3-18, the shotcrete spraying tool and radiation detection tool are
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Figure 3-18: Integrated End-Effector System
integrated into one unit via a connecting bracket. The individual operating positions
of the tools are rotated 90o relative to one another. The relative orientation of the
tools prevents interference during individual operation. This relative orientation,
however, requires the manipulator arm to assume two distinct working orientations
depending on which tool is being used. Figures 3-19 and 3-20 show the two general
working orientations the manipulator arm must assume for each tool.
Figure 3-19: Robotic Shotcrete Spraying Tool - Working Orientation
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Figure 3-20: Radiation Detection Tool - Working Orientation
As can be seen in Figures 3-19 and 3-20, the DENSO VP-6242 must assume two
distinctly different working orientations in order to use either tool of the end-effector
system. This is further illustrated in Figure 3-21 with a side view comparison of the
two working orientations.
Figure 3-21: Integrated End-Effector System - Working Orientation Comparison
The differing work orientations of each tool not only prevents interference during
individual operation, but also allows each tool to be used in an optimal orientation
for the required task. As seen in Figure 3-19 and the left image of Figure 3-21, use of
the radiation tool requires the manipulator arm to assume a fixed forward position
relative to the target surface. This gives the MASS system greater forward reach
for scanning the target surface with the radiation detection tool. Use of the robotic
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shotcrete spraying tool, as seen in Figure 3-20 and the right image of Figure 3-21,
requires the manipulator arm to assume a fixed downward orientation relative to
the target surface. This allows the manipulator arm to work within the centre of
its dexterous work space, giving greater flexibility when following trajectories across
uneven surfaces.
Integrated End-Effector System - Physical Prototype
Figure 3-22: Integrated End-Effector System Final Physical Prototype
Figure 3-22 shows the final physical prototype of the integrated end-effector system
installed on the MASS prototype’s DENSO VP-6242 manipulator arm. Fully assem-
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bled, the end-effector system measures approximately 5.10” (129.54 mm) in height,
with a maximum length across the assembly of 6.00” (152.4 mm) and a width of
approximately 2.50” (63.5 mm).
Figure 3-23: Integrated End-Effector System Final Physical Prototype
Figure 3-23 shows a full view of the MASS prototype and its integrated end-effector
system. It is noted that though the end-effector system was designed to be as compact
as possible, the height of the final assembly is a limiting factor in the overall dexterity
of the DENSO VP-6242 when it is operating in the fixed downward position. The
final assembled weight of the end effector system is 1.33 kg leaving free approximately
660 grams of the DENSO VP-6242’s available payload.
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3.3 Prototype Hardware
This section outlines the electronic and electro-mechanical components used in the
construction of the prototype robotic shotcrete spraying tool and the prototype radi-
ation detection tool.
3.3.1 Robotic Shotcrete Spraying Tool - Hardware
Yaw and Pitch Actuators: 17HS0401-18B Hybrid Stepping Motor
The 17HS0401-18B is a pancake style Nema17 bi-polar stepping motor with a max-
imum rated torque of approximately 17 oz-in (0.12 N-m). Its operating voltage is
between 12-24 V DC with a maximum rated current of 0.8 A per phase. The motor
operates on a 1.8◦ step angle resulting in a maximum step count of 200 steps per
revolution.
The 17HS0401-18B stepper motors were selected as the yaw and pitch actuators due
to their availability, compact size and elongated shaft. The pancake style of the
17HS0401-18B makes the body of the stepper motor much shorter and lighter than
standard size Nema17 stepper motors. The 17HS0401-18B is also the most widely
available pancake stepper motor in the Nema17 frame size with an elongated shaft.
The additional shaft length was required due to the amount of direct shaft mounting
components used in the design of the tool.
Stepper Motor Drivers: DRV8825 Stepper Driver Module
The DRV8825 stepper driver module is a full package IC micro-stepping driver with
a PCB carrier that contains its operating circuit and relevant I/O connection pins.
The module operates between 8.2-42 V DC and has a maximum rated continuous
drive current of 1.5 A per phase. The module is also capable of operating in 6 micro-
stepping resolutions: Full, 1/2, 1/4, 1/8, 1/16, 1/32.
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This module was chosen for the prototype primarily due to the fact that it is designed
as a full package drop in unit; requiring only the correct motor, power and logic
connections to be made in order to function. Additionally, the DRV8825 module
supports multiple micro-stepping modes. Micro-stepping allows the connected stepper
motor to be driven at a finer step angle than the innate step angle rating of the
motor. For the physical prototype, the DRV8825 module was set to 1/8 micro-step
mode to allow for finer control of the yaw and pitch actuators. Using the 1/8 micro-
stepping mode with the 17HS0401-18B stepper motors reduced the step angle of the
system’s actuators to 0.225◦. This resulted in a maximum step count of 1,600 steps
per revolution.
System Controller: Arduino Uno Rev3 Microcontroller
The Arduino Uno microcontroller was chosen as the controller for the prototype
system due to its supported hardware and software compatibility with the DRV8825
stepper motor drivers. Additionally the Arduino microcontroller was chosen because
of its supported compatibility with Robot Operating System (ROS), which is the
control architecture that runs the MASS prototype. This was chosen consciously to
ease future integration of the work done in this thesis with that of PhD candidate
Michael Wrock.
Hardware Interface: Arduino CNC Shield V3.51
In order to control the yaw and pitch stepper motors, the correct connections needed
to be made between the stepper motors, DRV8825 stepper drivers and the Arduino
microcontroller. This was facilitated through the use of of the Arduino CNC Shield
V3.51. Arduino shields are physical boards that can be plugged into the Arduino
unit to enhance its capabilities in different ways. In the case of the Arduino CNC
Shield V3.51, the shield is designed to act as a connection interface between the
DRV8825 stepper driver modules and the stepper motors being driven. The CNC
Shield V3.51 supports the connections between four DRV8825 driver modules and
individual stepper motors. Additionally, the shield allows the connection between
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four digital and four analog I/O pins on the Arduino Uno board.
Though the Arduino CNC Shield V3.51 is intended for use in the construction of
computer numerical control machines such as 3D printers and CNC mills, at its basis
it is a connection interface board. This fact was leveraged to adapt the shield to the
needs of the prototype end-effector system. Two of the four DRV8825 connection
slots were used for the yaw and pitch stepper motors. Additionally, two of the digital
I/O connection ports were used to interface the micro switches used in the homing
sequence of the yaw and pitch stepper motors.
Homing Switches: 605632 SPDT Lever Type Micro Switch
The 605632 micro switch is a 6 A momentary snap action switch with a lever type
catch. These switches were chosen to act as the prototype’s homing switches due
to the fact that the snap action mechanism used in their construction engages at a
highly repeatable position. This helps maintain a precise relative home position for
the yaw and pitch stepper motors. Additionally, these switches were chosen for their
curved lever type catch. The curved lever allows the catch to ride smoothly along the
contact face of the cam collars used on the yaw and pitch stepper motors.
Two Position SPDT Micro Toggle Switch
A generic two position micro toggle switch was used to signal the microcontroller to
switch from user input mode to fully autonomous control. The toggle switch provides
a sustained digital high or low signal to the microcontroller.
User Input: OSEPP 2 Axis Joystick Module
The OSEPP joystick module is an Arduino compatible 2-axis analog joystick. The
module features two spring loaded 10 KOhm potentiometers and an integrated PCB
carrier with relevant I/O headers. This module was chosen for the prototype due to
its compatibility with the Arduino microcontroller and ease of integration with the
Arduino CNC Shield V3.51. The two analog outputs of the joystick module connect
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to two of the four available analog inputs on the Arduino CNC Shield V3.51.
The joystick module serves a dual purpose in the operation of the physical prototype.
The primary purpose of the module is to allow the user to provide independent control
input for the yaw and pitch stepper motors while the system is being calibrated in
manual control mode. The secondary purpose of the joystick module is to provide user
control over the prototype test platform while the system is operating in autonomous
mode. The function of the joystick module in manual control mode and autonomous
mode is further explained in Chapters 4 and 5 of this thesis.
Laser Module: 1235-405D Focusable Dot Laser Module
The 1235-405D is a 10 mW blue laser module with a 405 nm wavelength. As explained
in Section 3.2.1, the laser module must be capable of activating the ultraviolet reactive
pigment paint on the target surface. Ultraviolet light is classified as light with a
wavelength between 10-400 nm [52]. With a wavelength of 405 nm the 1235-405D
classifies as a blue (violet) light laser. The 405 nm wavelength is close enough to the
400 nm threshold of UV light to still cause lasting fluorescence in the UV reactive
pigment paint. This allows the laser dot of the 1235-405D to create a lasting trail
on the target surface while still remaining within the visible spectrum. The use of
the 1235-405D in the physical prototype allows the current position of the control
point on the target surface to be observed as well as its previously traveled path. The
relation of this fluorescence effect to the experimental tests conducted on the physical
prototype is further explained in Chapter 5.
3.3.2 Radiation Detection Tool - Hardware
Detector Module: Radiation Sensor Board for Arduino/Raspberry Pi
The Radiation Sensor Board by Libelium is a shield type board that is compatible with
the Arduino Uno microcontroller. The board contains all of the necessary electronics
to operate a small Geiger Muller tube and display the detected radiation in µSv/hr
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and counts per minute (CPM) on a small LCD display. The unit comes standard
with a J306β windowless glass Geiger tube, however, it is compatible with a variety
of other standard tubes such as the LND-712.
The Libelium Radiation Sensor Board was chosen to act as the prototype’s detector
module because of its compatibility with a wide range of Geiger tubes, its ease of
implementation and its ease of modification. The Libelium Radiation Sensor Board
uses open-source Arduino code, meaning that the operating code can be directly
modified in order to change the behavior of the system. This also provides an avenue
for future integration of the Arduino based radiation detection tool with the ROS
architecture of the MASS prototype.
Radiation Detector: LND-712 End Window-Alpha-Beta-Gamma Detector
The LND-712 is a neon and halogen filled end-window type Geiger tube that is
capable of detecting alpha, beta and gamma radiation. The LND-712 tube body
is comprised of 446 stainless steel and its end-window is made of mica. The tube
has a rated gamma sensitivity with a Cobalt-60 source of 18 counts per second per
milli-Roentgen per hour (cps/mR/hr).
The LND-712 was chosen for the physical prototype over the Libelium standard J306β
Geiger tube due to its geometry, compatibility and versatility. The tube like end-
window of the LND-712 better facilitated the goal of creating directional shielding
for the detector over the shape of the windowless J306β. The end-window of the
LND-712 acts as a focal point with a known effective area that can easily be shielded.
Additionally, the end-window of the LND-712 allows the unit to detect alpha, beta
and gamma radiation where as the windowless J306β can only detect beta and gamma
radiation.
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This chapter outlines the control strategies that govern the operating behavior of the
prototype robotic shotcrete spraying tool. This chapter as well outlines the derivation
of the mathematical equations required to coordinate the motions of the prototype
tool’s yaw and pitch actuators in order to create a projected circular spraying pat-
tern. This chapter also contains the proposition and derivation of a set of alternate
experimental control equations that allow the prototype tool to generate figure eight
and spiral spray patterns.
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4.1 Modes of Control
The prototype tool features two modes of control: a manual mode used for system
calibration and a fully autonomous mode for regular operation testing. The manual
mode of control was implemented in order to allow the user to correctly calibrate
the prototype system before commencing autonomous system testing. Calibration
consists of correctly determining the working positions of the system’s stepper motors
and determining the desired maximum nozzle nutation parameters. The following
subsections elaborate on the functional details of each operation mode.
4.1.1 Manual Control Mode
Manual control is a simple operating mode primarily used to calibrate the parameters
of the prototype shotcrete tool. In this mode, the user is able to set the individual
yaw and pitch target angles and the size of nutation around those target points. This
mode allows the user to tune, position and set the spray pattern diameter before
implementing them as set points in autonomous mode. In calibration mode, the
system receives input from the 2-axis OSSEP analog joystick. The system maps the
incoming analog signals of the joystick in order to determine which axis is engaged
and in which direction. The system then accordingly increments or decrements the
step position of the yaw and pitch stepper motors continuously, until the joystick
is released. The respective step counts for each axis are continuously sent to the
Arduino serial monitor as a digital position readout for the user. This allows the
user to correctly align the operational positions of the yaw and pitch stepper motors
with the 5th and 6th axis of the DENSO VP-6242 arm. This calibration process
can be visualized for the yaw axis by referring to Figure 3-6 in Chapter 3. The user
calibrates θ by using the joystick to set the desired operational position. Once the
desired position is ascertained, the user can take the serial position readout value and
use it in the set up parameters for the system’s autonomous mode. The magnitude
of nozzle nutation is controlled by a set-point variable that the user manually inputs
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before initializing the system. A high level flowchart detailing the operation of the
manual control mode can be seen in Figure 4-1.
Figure 4-1: Manual Control Mode Flowchart
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4.1.2 Autonomous Control Mode
Autonomous control mode gives the system full control over the magnitude of nozzle
nutation. This mode allows the system to increase or decrease the amount of nozzle
nutation in response to changes in target distance. The system does this in order
to maintain a user set spray pattern size on the target surface. However, before au-
tonomous control begins, the system enters an input mode to allow a human operator
to setup the desired spray pattern size for the spraying scenario. The input mode
allows the user to manually adjust the magnitude of nozzle nutation and the relative
straight line distance of the shotcrete tool to the target surface. This allows the user
to visually tune the size of spray pattern being projected onto the target surface at
any relative distance desired. This is essential as it allows the operator to make the
high-level decision of what spray pattern size is best for the given spraying scenario.
Once the operator has settled on a desired pattern size, a selector switch is flipped
putting the system into fully autonomous mode.
In order to test the prototype end-effector system and its autonomous control mode
algorithm, it was decided to test the end-effector system separately of the MASS
and its DENSO-VP6242. This was done in order to validate the performance of the
end-effector system independently of the performance of the MASS system. This was
facilitated by constructing an XY test platform capable of carrying the end-effector
system and simulating 2D spray trajectories relative to a test target surface. Further
details on the XY test platform and its functionality can be found in Chapter 5.
The stage before fully autonomous operation, referred to as input mode, was simulated
on the physical prototype by making use of the OSEPP analog joystick and the two
position SPDT micro toggle switch. Similar to the operation of calibration mode, the
system receives input from the 2-axis OSEPP analog joystick. However, rather than
controlling the position of the yaw and pitch stepper motors, the joystick controls
the magnitude of nozzle nutation and the distance of the test platform from the
target surface. By moving the joystick forward and backward the system moves the
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test platform towards or away from the target surface. Moving the joystick left or
right decreases or increases the magnitude of nozzle nutation. Once the desired spray
pattern has been achieved, the SPDT micro toggle switch is flipped signalling the
control system to enter fully autonomous mode.
If the prototype tool were to operate with the MASS system, when fully autonomous
mode is engaged, the controller would operate as follows. First, the system would
record the user provided input values of target distance and nozzle nutation magni-
tude. The system would then use the recorded values to calculate an estimate of the
projected circular spraying pattern’s radius on the target surface. This gives the sys-
tem a target radius that must be maintained while the the MASS’s manipulator arm
begins to follow its spraying trajectory across the target surface. In fully autonomous
mode, the only input to the shotcrete tool’s controller is the tool-to-target distance.
This input would be provided from the MASS’s manipulator arm trajectory data.
The shotcrete tool’s controller would then adjust the magnitude of nozzle nutation in
response to any change in tool-to-target distance in order maintain the user set spray
pattern radius.
Given that the test prototype operates separately from the MASS system, trajectory
distance data could not be provided to the shotcrete tool’s controller. This was
supplemented by leveraging the fact that the XY test platform uses homed stepper
motors for movement. This means that the step count and position of the Y-Axis
stepper motor can be constantly tracked relative to the target surface. Thus, the
distance between the shotcrete tool’s nutation center and the prototype target surface
is always known. The shotcrete tool’s controller is therefore updated with the tracked
position of the test platform relative to the target surface. This simulates the tool-to-
target distance information that would be provided from the MASS’s trajectory data.
This allows the prototype’s controller to make adjustments to the nozzle nutation
magnitude as the test platform approaches or retreats from the target surface. A
flowchart detailing the high-level control structure of the prototype’s autonomous
operation mode can seen in Figure 4-2.
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Figure 4-2: Autonomous Control Mode Flowchart
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4.2 Derivation of Control Equations
This section outlines the derivation of the control equations that govern the behavior
of the prototype shotcrete tool’s actuators in both its manual and autonomous op-
eration modes. Additionally, this section includes the derivation of the experimental
control equations that allow for the advanced figure eight and spiral spraying patterns
to be achieved with the robotic shotcrete spraying tool.
4.2.1 Manual Control Equations
The yaw and pitch actuator angles are:
Y awActuator Angle (Deg.) : α = αT + φα (4.1)
PitchActuator Angle (Deg.) : β = βT + φβ (4.2)
where
φα = Mcos θ (4.3)
φβ = Msin θ (4.4)
and
αT Target YawAngle - Yaw angle position set by user joystick
βT Target P itchAngle - Pitch angle position set by user joystick
φα Yaw OscillationAngle - Magnitude of yaw actuator angular oscillation
φβ Pitch OscillationAngle - Magnitude of pitch actuator angular oscillation
M Magnitude of NozzleNutation - Set point value between 0◦ − 15◦
θ Continuously looped from 0 − 2π by 0.01 radian increments
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The angular positions of the robotic shotcrete spraying tool’s yaw and pitch actua-
tors are dictated by Equations (4.1) and (4.2), respectively. Parameters αT and βT
represent the yaw and pitch angles of the shotcrete nozzle’s central axis of nutation.
They are the target angles that the system nutates around in 3D space. In manual
control mode, these target angles are set via user input from the analog joystick.
As noted in Section 2.2.2, the replication of the nutation motion generated by the
passive mechanical mechanisms of current shotcrete systems requires coordinated
actuation of the robotic shotcrete spraying tool’s yaw and pitch actuators. It was
determined that the nutation motion and resulting circular spray pattern could be
replicated by introducing out of phase oscillations to the angular target positions of
the yaw and pitch actuators. In order to generate angular oscillations around the
αT and βT angles, a set of simple trigonometric oscillation functions (φα and φβ)
were added into Equations (4.1) and (4.2). Parameters φα and φβ as described by
Equations (4.3) and (4.4), respectively, represent the values of angular oscillation of
the yaw and pitch actuators as a function of M and θ. The parameter M is the
desired angular magnitude of nozzle nutation. This can be visualized by referring to
the value φ in Figure 2-4 of Chapter 2. M represents the general maximum angle
that the nozzle will nutate at around its central axis. This parameter can be set
by the user to be any value. However, from application literature on the shotcrete
spraying process, it was determined that M can be at maximum 15◦ [10]. This creates
a projected nutation cone with a maximum included angle of 30◦.
The functions cos θ and sin θ in Equations (4.3) and (4.4) dictate the respective
positive or negative fraction of the parameter M that will be added to the target
yaw and pitch angles of the shotcrete nozzle. The value θ in this function set simply
increments in an endless loop from 0− 2π in 0.01 radian increments. This effectively
allows the microcontroller to generate the sine and cosine wave-forms without the
concern of variable overflow. The trigonometric functions of sine and cosine are
used to generate oscillations for the respective yaw and pitch actuators because their
natural wave-forms are out of phase by exactly 90◦. This is essential for the operation
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of the robotic shotcrete spraying tool, because in order to generate a circular spraying
pattern on the target surface, the oscillations of the tool’s yaw and pitch actuators
must be out of phase by exactly 90◦.
4.2.2 Autonomous Control Equations
In order to develop a set of autonomous control equations for the prototype shotcrete
tool, the relationship between the size of the projected circular spray pattern on
the target surface and the distance of the target surface had to be derived. This
was achieved by performing a 2D geometric analysis on a projected shotcrete spray
pattern of fixed diameter at various target distances. Figure 4-3 shows this geometric
analysis.
Figure 4-3: 2D Spray Pattern Analysis of Pitch Actuator
Figure 4-3 provides a 2D analysis of the projected spray profile from the shotcrete
tool’s pitch actuator. It is noted that the 2D analysis assumes that the target angle
βT of the pitch actuator is presented square to the target surface. Additionally, it is
assumed that the analysis is being conducted when the pitch oscillation values are at
their positive and negative maximums (θ = 90◦ and θ = 270◦). It is also noted that
due to the symmetry of the nutating spray motion, the analysis of the pitch actuator
holds true for the yaw actuator as well. The analysis seen in Figure 4-3 is conducted
from an XYZ reference frame located at the centre of the projected circular spray
pattern on the target surface.
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The value r in Figure 4-3 represents the radius of the circular spray pattern that the
autonomous system must maintain at the various target distances (d1, d2). Target
distance d0 and pitch oscillation magnitude φβ0 represents the initial starting points
of the system that correspond to the spray pattern radius r. As can be seen in Figure
4-3, when the target distance is decreased to d1, the pitch oscillation magnitude must
increase to φβ1 in order to maintain the radius r of the spray pattern. The opposite
occurs when the target distance is increased to d2, the pitch oscillation magnitude
must reduce to φβ2 in order to maintain the spray pattern radius r.
The 2D analysis presented by Figure 4-3 shows that controlling the spray pattern
radius at different target distances is actually a simple trigonometric problem in-
volving a right-angled triangle. If the target distance and spray pattern radius are
respectively imagined to be the base and height of a right angled triangle, then the
pitch oscillation magnitude can be imagined as the acute angle between the triangle’s
hypotenuse and base. This reduces the entire control problem to the simple idea that
we wish to maintain the height of a right angled triangle at differing base lengths
by controlling the angle between its hypotenuse and base. This allows the following






























Equation (4.8) gives the nozzle nutation magnitude as a function of desired spray
pattern radius r and target distance d. Rearranging Equation (4.8) for r at the initial
conditions d0 and φβ0 in Figure 4-3 yields:
r = d0 tan φβ0 (4.9)
where φβ0 is generated from a user set target nozzle nutation magnitude MT :
φβ0 = MT sin θ (4.10)
With θ = 90◦ at the initial conditions of Figure 4-3, Equations (4.9) and (4.10) give:
r = d0 tanMT (4.11)
The control system uses Equation (4.11) to calculate an estimate of the circular
spray pattern radius being projecting onto the target surface at initial conditions.
The calculated estimate is based upon the initial target distance d0 and the user
provided input of target nozzle nutation magnitude of MT . This equation allows the
autonomous system to be updated by the user when the need to change the desired
spraying pattern radius arises.








d = current distance to target
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Equation (4.12) represents the relationship between the magnitude of nozzle nutation
M , estimated spray pattern radius r and the current target distance d. Though Equa-
tion (4.12) was derived from the analysis of the system’s pitch actuator, due to the
symmetry noted earlier, the same equation applies for the yaw actuator. Therefore,
Equation (4.12) can be combined with Equations (4.1) to (4.4) to yield the following
equation set:
















Equations (4.13) and (4.14) represent a set of open loop control equations for fully
autonomous control of the shotcrete tool’s yaw and pitch actuators in response to
changes in target distance. The equation set allows the system to vary the magnitude
of nozzle nutation in order to maintain a calibrated spray pattern radius based on the
current distance to the target surface. Equations (4.13) and (4.14) combined with
Equation (4.11) allow the autonomous control relationship over spray pattern radius
to be established at any initial target distance d0 and any initial magnitude of nozzle
nutation MT . This allows the system to be updated with new input data based upon
the user desired spray pattern radius for the given situation.
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4.3 Experimental Spray Pattern Equations
As mathematically proven in Section 4.2, the yaw and pitch actuators of the robotic
shotcrete spraying tool can be coordinated in order to replicate the nutation motion
and circular spray pattern of standard mechanical sprayers. The applications of the
robotic shotcrete spraying tool’s actuators, however, are not limited to solely pro-
jecting a circular spray pattern. In fact, the pan-tilt configuration of the prototype
tool allows it to theoretically generate almost any 2-axis projected pattern. The only
requirement is the correct coordination between the motions of the yaw and pitch
actuators. This section investigates the basic control equations behind two exper-
imental spray patterns that were conceived during this thesis. These experimental
spray patterns are primarily focused on applications in the surface preparation phase
of the shotcreting process.
The surface preparation phase is an essential part of the shotcreting process. In this
phase, the operator must specifically fill large holes and cracks in the target surface
before applying an initial layer of shotcrete [4]. Figure 4-4 from the Putzmeister
training brochure illustrates this spot filling and surface smoothing process.
(a) Spot Filling (b) First Layer Application
Figure 4-4: Putzmiester Surface Preparation Recommendations [4]
As seen in Figure 4-4, the target surface must be evened out before support layering
can begin. This is achievable with non automated shotcrete equipment, however,
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it presents a challenge as large cracks and holes may take any shape, form or size.
This is especially true on the surfaces of underground tunnels created by blasting
methods. The large variability in surface feature geometry makes effective spot fill-
ing challenging with fixed nutation, mechanical shotcrete spray heads. Their spray
patterns cannot be adapted to an optimal shape or size for different surface features.
The nutation action of traditional shotcrete spray heads can be disabled, turning the
spray pattern into a single jet. This however requires a larger amount of operator skill
to control. Additionally as noted in the shotcrete spraying experiments conducted
by Grimscheid and Moser [30], the spraying structure resulting from a non-nutating
spray head is very poor.
The robotic shotcrete spraying tool’s ability to alter the size of its circular spraying
pattern does, to some degree, address the challenge of spot filling various sized surface
features. However, this thesis postulates the idea that the yaw and pitch actuators can
be used to create advanced spraying patterns more optimal for filling large elongated
cracks and deep surface pockets. The two patterns investigated in this section are:
the figure eight for elongated surface cracks and a looping spiral pattern for deep
pocket-like surface features.
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4.3.1 Figure Eight Spray Pattern
The concept of the figure eight spray pattern is primarily intended for applications
where the surface geometry being filled resembles a wide elongated crack, requiring
a large amount of shotcrete build up. The theory behind this pattern is that the
back weaving motion of the figure eight will allow more shotcrete to be deposited
in a tighter pattern, as the spray head is carried across the target feature. Figure
4-5 illustrates the basic motions that the yaw and pitch actuators will be required to
complete in order to create a projected figure eight spray pattern. It is noted that
this thesis only investigates the concept of the figure eight pattern as far as a fixed
size, horizontal pattern.
Figure 4-5: Figure Eight Projected Spray Pattern Analysis
Analysis of the projected figure eight spray pattern reveals that it can be achieved
through the coordinated nutation of the spray nozzle in opposing directions around
two equally spaced target points. Shown in Figure 4-5 are two circles, each repre-
senting one loop of the figure eight that the nozzle must follow. Shown by the red
arrows are the starting points and the directions that the loops must be completed
in, in order to correctly generate the horizontal figure eight pattern. The horizontal
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spacing of the loops is dictated by the equal diameter of the loops themselves, this
ensures that the loops overlap at their radi. The centre of the figure eight is denoted
by the actuator positions (αT , βT ). These positions represent the target yaw and
pitch angles that the system considers to be the central control point of its spray.
The centres of circle 1 and circle 2 are denoted by the positions (αT −MT , βT ) and
(αT +MT , βT ), respectively. The parameter MT represents the magnitude of the tar-
get nozzle nutation angle as set by the user. As proven by Equation (4.8) in Section
4.2.2, at a fixed distance, the nozzle nutation magnitude dictates the radius of the
circle being projected around the target point. Therefore, it can easily be inferred
that in the case of the horizontal figure eight, the target yaw angle must be shifted
left and right by the magnitude of the target nutation angle in order to correctly
space the two nutation loops. This results in the creation of the following control
equations:
Y awActuator Angle (Deg.) : α θ=0→2π = αT −MT + MT cos θ (4.15)
PitchActuator Angle (Deg.) : β θ=0→2π = βT + MT sin θ (4.16)
and
Y awActuator Angle (Deg.) : α θ=2π→0 = αT +MT − MT cos θ (4.17)
PitchActuator Angle (Deg.) : β θ=2π→0 = βT − MT sin θ (4.18)
where
αT Target YawAngle - Yaw angle position set by user joystick
βT Target P itchAngle - Pitch angle position set by user joystick
MT Magnitude of NozzleNutation - Set point value between 0
◦ − 15◦
θ Endlessly increments and decrements between 0 − 2π in 0.01 Radian steps
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As can be seen, the figure eight pattern requires two sets of control equations in order
to properly coordinate the yaw and pitch actuators. Equations (4.15) and (4.16)
coordinate the motions of the yaw and pitch actuators in order to complete loop 1 as
depicted in Figure 4-5. During this loop, the controller increments the θ parameter
from 0− 2π in 0.01 radian steps. This causes the nozzle to create a counterclockwise
loop, beginning and ending at the central control point described by parameters
(αT , βT ). Once the nozzle has completed the first loop, the controller switches to
the second set of control equations, Equations (4.17) and (4.18). The second set of
equations allows the system to move the yaw and pitch actuators through the motions
required to create loop 2 in Figure 4-5. During this second loop, the controller
decrements the θ parameter from 2π − 0 in 0.01 radian steps. This results in the
system moving the nozzle in a clockwise loop beginning and ending at the central
control point described by parameters (αT , βT ). The system then repeats the entire
process again to create the next figure eight pass. A high-level flowchart detailing
the control structure used to generate the figure eight spray pattern can be seen in
Figure 4-6.
The derived control equation set represent a very basic approach to generating the
figure eight spray pattern and does not represent an optimized control strategy. The
set does, however, provide a basis for the investigation into the potential merit of using
spray patterns other than the standard projected circle. The comparison between the
performance of the figure eight spray pattern against the standard circular spray
pattern is investigated and further detailed in Chapter 5.
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Figure 4-6: Figure Eight Spray Pattern Flowchart
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4.3.2 Spiral Spray Pattern
The spiral spray pattern is intended for applications involving spot filling round
pocket-like surface features. The theory behind this pattern is that the outward
and inward spiralling motion of the spray pattern will allow for quicker build up of
shotcrete within pocket-like surface features. Figure 4-7 illustrates the basic motion
profile required to achieve the outward spiralling portion of the spray pattern. Again
it is noted that this thesis only investigates the basic concept of the spiral pattern as
a fixed size horizontal spray profile.
Figure 4-7: Outward Spiral Projected Spray Pattern Analysis
The outward moving spiral spray pattern depicted in Figure 4-7 around the target yaw
and pitch positions (αT −MT , βT ) posses even spacing between each of its successive
turnings. This is denoted by parameter a in Figure 4-7. This even spacing classifies
the spray pattern as an Archimedean Spiral [53]. This spray pattern was chosen
in order to provide even predictable spacing between each successive spiral spraying
pass. The radius r of the Archimedean Spiral, depicted in Figure 4-7, can be described
in its polar form by the equation: r(θ) = aθ, where a is a real value constant and
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θ is the angular position in radians [54]. Through analysis, it was determined that
Equations (4.1) and (4.2) could be easily adapted to coordinate the motions of the
yaw and pitch actuators in order to replicate the motion described by the equation of
the Archimedean Spiral. The adaptation is shown in the following control equations:
Y awActuator Angle (Deg.) : α = αT +MS cos θ (4.19)
PitchActuator Angle (Deg.) : β = βT + MS sin θ (4.20)
where:
αT Target YawAngle - Yaw angle position set by user joystick
βT Target P itchAngle - Pitch angle position set by user joystick
MS Magnitude of Spiral Nutation - Set point value between 0
◦− 15◦ that the
system will endlessly increment and decrement between in 0.01◦ steps
θ Continuously looped from 0 − 2π by 0.01 Radian increments
Equations (4.19) and (4.20) are essentially identical in structure to Equations (4.1)
and (4.2) used for basic circular spraying in manual control mode. However, the
key difference is that rather than having a fixed target nutation angle, the control
equations use a variable nutation angle, as described by the parameter MS. As
the system increments the θ parameter, it also increments the MS value from 0 up
to the user specified value between 0◦ − 15◦. This effectively causes the radius of
the spray pattern to enlarge by 0.01◦ for every 0.01 radian of rotation. On the
prototype robotic shotcrete spraying tool, this translates to a growth in nutation
angle of approximately 7◦ per revolution of the spray nozzle. Once the system reaches
the maximum magnitude of spiral nutation as set by the user, it decrements the MS
parameter back down to zero. This creates an inward moving spiral back to the centre
of the spray profile. This spiralling return to centre is done for practical reasons
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as it allows for multiple coatings of shotcrete to be applied in a smooth unbroken
motion. Additionally, this creates an overlapping spiral pattern allowing for a more
even distribution of shotcrete in the surface feature as it is built up with each spiral
pass. A high-level flowchart detailing the control structure used to generate the
looping spiral spray pattern can be seen in Figure 4-8.
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Figure 4-8: Outward Spiral Projected Spray Pattern Analysis
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Figure 4-9 shows the the spray profile resulting from the nozzle making one full
outward and inward spiral pass.
Figure 4-9: Outward and Inward Looping Spiral Spray Pattern
Figure 4-9 shows the approximate projected spray pattern created by the robotic
shotcrete spraying tool when operating with Equations (4.19) and (4.20). From the
continuously overlapping spirals shown in Figure 4-9, it can be seen that this spray
pattern has the potential to quickly build up layers of shotcrete within a pocketed
surface feature. The key benefit is that the spray pattern allows for smooth continuous
motion of the spray nozzle during the layered build up. This allows for a more even
distribution of shotcrete over the target feature than achievable with a static spray
jet.
The spiral spray pattern equations presented in this section do not represent an opti-
mized solution, but rather provide a basis for investigation into alternative spraying
profiles. The goal of this pattern is to create a smooth homogeneous build up of
shotcrete in pocket-like surface features in an efficient manner. Further details on the
testing and demonstration of the experimental spiral spray pattern with the prototype
robotic shotcrete spraying tool can be found in Chapter 5.
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Chapter 5
Testing, Results and Discussion
In order to validate the effectiveness of the end-effector system developed during
this thesis, several tests had to be conducted in order to evaluate the system’s au-
tonomous shotcrete spray pattern control capacity and its radiation detection zone
control capacity. Testing of the end-effector system was conducted with the use of a
custom built XY test platform capable of simulating 2D motion trajectories. Testing
was conducted independently of the MASS and, therefore, the performance results
presented in this chapter are the sole reflection of the end-effector system and the
work developed during this thesis. This was done in order to provide independent
performance metrics of the end-effector system separate of the MASS and due to the
fact that at the time of this thesis, the trajectory generation capacity of the MASS
was still under development by Michael Wrock.
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5.1 Experimental Setup
This section discusses the details of the XY test platform and the physical-set up of
the various tests conducted on the end-effector system.
5.1.1 XY Test Platform
As previously noted a specialized XY test platform was developed in order to test
the end-effector system. The XY test platform was developed in order to create
a controlled testing environment to establish the baseline performance metrics of
the end-effector system’s prototype tools. Given that at the time of this thesis the
MASS system was still under development, independent system testing was the only
viable method for establishing reliable experimental results of the end-effector system.
Figure 5-1 shows the XY test platform.
Figure 5-1: XY Test Platform
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The XY test platform seen in Figure 5-1 is capable of positioning the end-effector
system at any XY position relative to the target surface. The platform has a maximum
X axis travel of 26.5 cm and a maximum Y axis travel of 24.0 cm. The X and
Y axes are driven by independent Nema17 stepper motors that are connected to
the remaining open stepper driver slots of the Arduino CNC shield V3.51. This
allows the system to control the XY platform and the stepper motors of the robotic
shotcrete spraying tool simultaneously. The X axis produces linear motion using a
M8x1.25 threaded rod and a threaded delrin drive nut connected to the underside
of the main platform. The entire X axis rides on top of the Y axis carriage which
uses an GT2 toothed drive belt and pulley to produce its linear movement. The
X axis is responsible for simulating the end-effector system being carried across the
target surface. The Y axis is responsible for simulating the positioning of the end-
effector system relative to the target surface. The movements and position of the
Y axis are continuously tracked by the Arduino microcontroller. The continuously
tracked position of the Y axis serves as the system input for the robotic shotcrete tool
when it is being tested in its fully autonomous operation mode. This, as previously
mentioned, simulates the incoming distance to target information that would normally
be provided via the MASS’s generated trajectory data.
Each axis of the XY test platform possesses micro switches at either end of their
respective travel limits. This allows each axis to be homed relative to the target
surface from a known reference point and additionally prevents over travel of the XY
platform. The XY test platform effectively creates a controlled environment capable
of simulating 2D segments of the MASS’s motion trajectories across a target surface
for both spraying and scanning operations.
The central platform driven by the X and Y axes is the main mounting point for the
end-effector system’s tools. Due to the construction of the test platform, the shotcrete
spraying tool and the radiation detection tool were mounted as two separate tools.
Figure 5-2 shows their mounting positions.
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(a) Robotic Shotcrete Spraying Tool (b) Radiation Detection Tool
Figure 5-2: Tool Mounting Positions on XY Test Platform
As seen in Figure 5-2a, the robotic shotcrete spraying tool mounts upside down on
top of the main platform. This mounting position was chosen out of convenience for
mounting and due to the fact that the upside down orientation of the shotcrete tool
does not affect its operation. As seen Figure 5-2b, the radiation detection tool mounts
below the main platform facing forwards towards the target surface. This allows the
test platform to bring the radiation detection tool up to the target surface in order
to perform a simulated surveying routine at a controlled target surface distance.
The large vertical white surface shown in Figure 5-1 is the simulated target surface
for shotcrete coating. The target surface is a removable two sided target designed to
allow various simulated shotcrete spraying scenarios to be tested. Figure 5-3 shows
both sides of the target surface.
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(a) Target Surface - Side A (b) Target Surface - Side B
Figure 5-3: Prototype Test Platform Simulated Shotcrete Test Surfaces
As can be seen in Figure 5-3, Side A of the target is a plain flat surface. This
flat surface allows the projected spray pattern to easily be recorded and measured
during testing. Side B features a piece of sculpted XPS insulation foam that has been
shaped to represent surface features that would be found in an underground mine,
specifically, the features that the experimental spray patterns outlined in Section
4.3 aim to address. This side of the target is intended for qualitative tests of the
experimental advanced spray patterns. Both side of the target surface have been
painted white and layered with several coatings of a photochromic pigment paint
that glows green when activated with UV light. Figure 5-4 shows the target surfaces
after they have been exposed to sunlight.
(a) Target Surface - Side A (b) Target Surface - Side B
Figure 5-4: Simulated Shotcrete Test Surfaces After Being Exposed to UV Light
As shown in Figure 5-4, the target surfaces glow bright green when exposed to UV
light. The target surfaces remain illuminated for several minutes after exposure before
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returning to their de-energized white appearance. This effect allows the target surface
to capture the motion path of the prototype’s blue laser as it passes over the target
surface. The captured path can then be physically measured in order to discern the
performance of the system. Once measurements have been taken and the captured
path fades from the target surface, the test can be repeated again.
5.1.2 Radiation Penetration Test Platform
One of the key tests for evaluating the end effector system is verifying the estimated
attenuation capacity of the radiation detection tool’s shielding in the worst case radi-
ation penetration scenarios. As previously determined in Section 3.2.2 the minimum
effective shielding of the entire detection tool is dictated by the lead lining of the
end-cap, making Scenario 2 as described by Figure 3-13 the worst case penetration
scenario. This scenario, however, cannot be physically tested on the radiation de-
tection tool prototype due to the fabrication simplification regarding its rear wire
pass through hole. The wire pass through hole in the end-cap shielding would allow
direct radiation interaction with the rear of the LND-712, making the test results
irrelevant. Therefore, it was decided to instead evaluate the attenuation capacities of
the composite shielding structure that comprises the main body of the shielding as-
sembly. This choice was made for a number of reasons that extend beyond the reality
of the prototype’s physical limitations. Evaluating the performance of the composite
shielding structure provides an avenue to test the credibility of the assumptions made
during the design and theoretical analysis of the initial prototype tool. Verifying the
estimated shielding capacities against experimental results will provide useful data
to discern whether or not the reasoning behind the design choices and theoretical
analysis made will find credible use in future iterations of the prototype.
As noted previously in Section 3.2.2, the estimated attenuation capacities of the
composite shielding structure were 44.4% and 28.70% for low and high energy gamma
radiation, respectively. In order to test the estimated attenuation capacities, a simple
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test platform was constructed. The test platform’s construction and usage can be
seen in Figure 5-5.
(a) LND-712 Unshielded Testing (b) LND-712 Shielded Testing
Figure 5-5: Unshielded and Shielded Testing Configurations
The test platform is comprised of two primary components: a base platform with a
pocketed vertical surface which holds a radioactive source and a removable mounting
sled that holds the LND-712 detector and slots into the vertical surface. The mounting
sled is further detailed in Figure 5-6 and the vertical surface is further detailed in
Figure 5-7.
(a) Bare Mounting Sled (b) Shielded and Unshielded Positions
Figure 5-6: Mounting Sled
As can be seen in Figure 5-6, the mounting sled is a removable component that
features two cylindrical mounting grooves. The mounting grooves are sized to hold
the LND-712 in both its shielded and unshielded state. The grooves in the mounting
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sled are also cut along the same centre line height as the central axis of the disk source
pocket cut into the vertical surface of the base platform, this ensures direct alignment
of the disk source’s and detector’s central axes in both the shielded and unshielded
test configurations. The grooves are cut away so as to leave one side of the detector
completely exposed to the radioactive source when the sled is placed on the platform.
Additionally, the central axes of both mounting grooves are spaced 2.1875” (55.56
mm) from either end of the mounting sled. This ensures that the LND-712 remains
at the same horizontal distance from the radioactive source whether it is being tested
in its shielded or unshielded state.
(a) Base Platform with Cobalt-60 Source (b) Mounting Sled in Test Position
Figure 5-7: Radiation Penetration Test Platform
Figure 5-7 shows the base platform and the manner in which the removable sled fits
into it. The vertical surface of the base platform possesses a central slot which allows
for reliable horizontal locating of the removable sled when it is placed into it on the
platform. The central slot posses a recessed pocket that allows a radioactive disc
source to sit flush with the bottom surface of the slot, this ensures that the disk
source is aligned with the end of the removable sled, maintaining the correct source
to detector test distance. Additionally, the centre of the recessed source pocket is
aligned with the cylindrical centre line of the mounting grooves on the removable
sled, this ensures that the source is aligned along the central axis of the detector on
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the sled. The disk sources used with this test platform come from a Model RSS - 8
Gamma Source Set from Spectrum Techniques.
The combination of the test platform and the removable mounting sled allows the
LND-712 detector to be held at the exact same relative distance from any chosen
radiation disk source in both its shielded and unshielded state. This allows a direct
comparison to be made between the readings taken with and without the radiation
detection tool’s composite shielding structure for any chosen radioactive disk source
at a fixed distance away from the detector.
5.1.3 Radiation Scanning - Target Surface
In order to evaluate the efficacy of the collimator designed for the prototype radiation
detection tool, a test was devised that would simulate how the detection tool would
be used with the MASS’s DENSO-VP6242 manipulator arm to complete a surface
surveying routine. The scanning routine would consist of the detection tool being
carried across the radioactive surface while taking measurements at specific positions.
The XY test platform proved to be an easy method for simulating this task. The Y
axis of the test platform is able to control the distance of the detection tool to the
target surface, much like how the DENSO-VP6242 would on the MASS. The X axis
of the test platform is able to provide a means to accurately position the detector
across the target surface at specific known locations. This simulates the manner in
which the MASS would position the detection tool at known points along the target
surface in order to take radiation measurements and create a radiation profile of the
surface. In order to simulate a radioactive surface with a unique radiation profile, a
specialized test surface was constructed for the test platform. The specialized target
surface can be seen mounted on the XY test platform in Figure 5-8.
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(a) Empty Target Surface (b) Populated Target Surface
Figure 5-8: XY Test Platform with Radiation Target Surface
As seen in Figure 5-8a, the specialized target surface is comprised of a single piece
of painted plywood with a series of equally spaced mounting pockets for radioactive
disk sources. The pockets allow disk sources from the RSS source kit to be embedded
into the test surface at known locations. Figure 5-8b shows the test surface with
a series of embedded sources. This enables the creation of a target surface with a
unique and known radiation profile. Given that the X axis of the test platform is
homed, the radiation detection tool can be moved to known horizontal measurement
positions relative to the locations of the embedded radiation sources. The localized
measurements taken with the radiation detection tool can then be transformed into
a 2D radiation profile of the test target surface. The radiation profile can then be
compared to the expected result based on where the disk sources were placed and
to the radiation profile generated from conducting the survey without the collimator
attached to the radiation detection tool.
The source mounting pockets are spaced exactly 2.0” (50.80 mm) apart on centre and
are labeled as Positions 1 - 5. The spacing of the source pockets was chosen based
upon the dimensions of the radiation detection tool’s detection region as described
by Figure 3-15 in Chapter 3. According to Figure 3-15, with the collimator attached
the detection tool should only be able to clearly detect sources within a 1.50” (38.10
mm) diameter circle on the target surface when a distance of 1.50” (38.10 mm) is
112
maintained between the collimator and target surface. By placing the source pockets
on 2.0” (50.80 mm) centres and using 1.0” (25.40 mm) measurement increments across
the survey surface, the LND-712 detector with the collimator attached is limited to
viewing either no sources at all when measuring between pockets or only one source
at a time when measuring at each pocket. This planned physical limitation allows the
function of the collimator to be isolated and evaluated. If the collimator functions
as intended, the readings taken at a pocket where a source is present should reflect
the readings taken as if the present source were completely isolated from all other
adjacent sources. Additionally, readings taken at empty pockets and between pockets
should provide a result that indicates the lack of a source’s presence. Figure 5-8 shows
a closer view of one of the experimental setups used to test the performance of the
radiation detection tool’s collimator.
Figure 5-9: Detail View of Radiation Scanning Setup
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During the scanning experiments the radiation detection tool is manually aligned
with the Position 1 source pocket on the test surface. From that point, measurements
are taken at 1.0” (25.4 mm) increments until the detector has reached the 5th and
final source pocket. The radiation measurement data collected at each measurement
position by the Libelium Radiation Sensor Board is transmitted to a connected laptop
via serial communication through the Arduino board’s USB connection.
It is additionally noted that though the radiation detection tool’s prototype colli-
mator does not posses radiation filtering, the survey experiments are conducted on
the XY test platform at the intended collimator to surface distance of 1.50” (3.81
cm). With the addition of the length of the prototype collimator and the composite
shielding structure’s plastic guard, there is a source to detector end-window distance
of approximately 2.79” (7.09 cm). This distance is greater than the 3.7 cm range of
alpha radiation through air at standard temperature and pressure [55]. Therefore, it
was assumed all radiation survey experiments conducted with the prototype radiation
detection tool on the XY test platform were only subject to the influence of the beta
and gamma radiation of the chosen sources.
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5.2 Robotic Shotcrete Spraying Tool
Experimental Testing and Results
This section outlines and presents the results of the various quantitative and qualita-
tive tests that were conducted on the robotic shotcrete spraying tool prototype. All
tests were conducted using the XY test platform outlined in Section 5.1.1.
5.2.1 Test Set 1 - Static Circular Spray Pattern Tests
Test Set 1 evaluates the prototype system’s ability to autonomously maintain a fixed
size circular spray pattern when the robotic shotcrete spraying tool is held at a static
horizontal position and is moved both towards and away from the target surface.
Test Set 1 consists of three key target distances that are identical to the theoretical
positions (d0, d1 and d2) detailed in Figure 4-3 of Section 4.2.2 in Chapter 4. The first
position d0 is a central point at which the diameter of the spray pattern is established,
on the XY test platform this was chosen to be a target surface to nutation centre
distance of 21.0 cm. The second point d1 is ahead of the central position closer to
the target surface, on the test platform this was chosen to be a distance of 11.0 cm.
Lastly, the third point d2, which is behind the central position and further away
from the target surface, was chosen to be a distance of 31.0 cm. At each of these
key positions, the laser module is activated momentarily in order to create a circular
laser trail on the target surface. The diameter of the laser trail is then measured and
recorded.
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Though this test is designed to evaluate the ability of the autonomous system to
maintain the circular spray pattern, it was also conducted with the system operating
in manual mode with a fixed nutation size. This was done in order to provide a
physical demonstration of the effect that target distance has on spray pattern size for
fixed nutation nozzle systems. The results of conducting this test with a fixed nozzle
nutation can be seen in Figure 5-10 and Table 5.1.
Figure 5-10: Static Spraying Tests Results for a Fixed Nutation Circular Spray at: d1:
11cm Target Distance, d0: 21.0 cm Target Distance and d2: 31.0 cm Target Distance
As can be seen with the three circular spray patterns shown in Figure 5-10, the
autonomous shotcrete spraying prototype does not generate a perfect circular spray
pattern. Due to the slightly distorted shape of the circular spraying patterns, a
vertical and horizontal measurement was taken of each spray pattern to obtain the
mean circular diameter of each pattern. The recorded measurements and calculated
mean circular diameters of the resulting spray patterns shown in Figure 5-10 are
presented in Table 5.1.
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Table 5.1: Measured Spray Pattern Diameters for Fixed Nutation Circular Spray at
Target Surface Distances: d0, d1 and d2
Dist. (cm) Horizontal Dia. (cm) Vertical Dia. (cm) Avg. Dia. (cm) %Diff.
d1: 11.00 7.80 8.0 7.90 −35.0
d0: 21.00 12.30 12.0 12.15 N/A
d2: 31.00 18.00 17.5 17.75 +46.1
Figure 5-10 shows the physical effect of target distance on a circular spray pattern
dictated by a nozzle system operating with a fixed nutation magnitude. As can
clearly be seen in Figure 5-10 and Table 5.1, as the shotcrete tool was advanced
from a target distance d0 to target distance d1, the average diameter of the circular
spray pattern reduced from 12.15 cm to 7.90 cm, an approximate 35.0% decrease
in average diameter. Additionally, as the shotcrete tool was moved backward from
target distance d0 to target distance d2, the circular spray pattern increased from an
average diameter of 12.15 cm to an average diameter of 17.75 cm, an approximate
46.1% increase in average diameter. The shrinkage and growth of the circular spray
pattern diameter as demonstrated in the fixed nutation magnitude test is what the
robotic shotcrete spraying tool is intended to counteract and control.
The same test was conducted again at the same target distances (d0, d1 and d2),
however, the system was allowed to operate in autonomous control mode, giving the
system full control of adjusting the nozzle nutation magnitude in response to changes
in target distance. The robotic shotcrete spraying tool was positioned at target dis-
tance d0 to establish the initial diameter of the spray pattern and then moved to
target distances d1 and d2. At each target distance the laser was activated momen-
tarily create the resulting circular spray pattern on the target surface, the results
were measured and then allowed to fade from the target surface before advancing to
the next position. This was done so as to not skew the measurements at each target
distance with the remnants of the previous positions spray pattern. The physical vi-
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sual results of conducting the static spraying test at each of the three primary target
distances (d0, d1 and d2) with the system operating in autonomous mode can be seen
in Figures 5-11, 5-12 and 5-13. The actual physical measurements of the spray pat-
terns shown in Figures 5-11, 5-12 and 5-13 can be found in Table 5.2. Additionally, in
order to provide enough data points to approximate the percent error performance of
the prototype operating in autonomous mode, additional static spray patterns were
projected and measured on the target surface. Each of the additional static spray
patterns were created at 2.50 cm target distance increments between each of the pri-
mary target distances, their corresponding physical measurements are also presented
in Table 5.2.
Figure 5-11: Static Spraying Test Result for a Circular Spray Pattern With Au-
tonomous Nutation Control at: d0: 21.0 cm Target Distance
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Figure 5-12: Static Spraying Test Result for a Circular Spray Pattern With Au-
tonomous Nutation Control at: d1: 11cm Target Distance
Figure 5-13: Static Spraying Test Result for a Circular Spray Pattern With Au-
tonomous Nutation Control at: d2: 31.0 cm Target Distance
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Table 5.2: Measured Spray Pattern Diameters for a Circular Spray Pattern With
Autonomous Nutation Control at Various Target Surface Distances
Dist. (cm) Horizontal Dia. (cm) Vertical Dia. (cm) Avg. Dia. (cm) % Err.
d1: 11.00 13.20 13.00 13.10 2.74
13.50 13.20 13.00 13.10 2.75
16.00 13.40 13.00 13.20 3.53
18.50 13.50 13.00 13.25 2.93
d0: 21.00 13.00 12.50 12.75 N/A
23.50 13.40 12.70 13.05 2.35
26.00 13.50 13.10 13.30 4.31
28.50 13.20 12.90 13.05 2.35
d2: 31.00 12.9 12.7 12.80 0.39
From the results presented in Figures 5-11 to 5-13 and in Table 5.2, it can be seen that
the prototype robotic shotcrete spraying tool and its autonomous nutation control al-
gorithm were able to successfully maintain the approximate average diameter of the
circular spray pattern on the target surface at the various target surface distances,
while demonstrating little variation in average measured pattern diameter. The per-
cent error values listed in Table 5.2 for each target distance position were calculated by
comparing the respective average measured spray pattern diameters at each position
to the average measured spray pattern diameter of 12.75 cm established at the initial
target distance d0. The average percent error as calculated from the percent error
values presented in Table 5.2 was determined to be 2.79%. The low average percent
error of the physically measured results empirically shows that the prototype robotic
shotcrete spraying tool and its open-loop control algorithm are able to successfully
control the diameter of a projected circular spray pattern on the target surface by
120
adjusting nozzle nutation in response to changes in target distance. Although the
results show that the system is able to successfully maintain the circular spray pat-
tern diameter, it is noted from a qualitative stand point, that as the prototype gets
further and further away from the initial target distance d0, the quality of the cir-
cular spray pattern begins to degrade. This degradation can be seen in Figure 5-13,
where the prototype is at the target distance d2, the prototype struggles to maintain
a smooth circular spraying pattern. This result although undesirable, is expected due
to the physical limitations of the prototype. At the target distance d2, the system
must reduce the nutation magnitude in order to maintain the circular spray pattern
diameter, this means that the yaw and pitch stepper motors must produce the same
nutation motion within a smaller range of actuator angles. As mention in Section
3.3.1 of Chapter 3, the yaw and pitch stepper motors are being operated in 1/8th
step mode, this allows them to achieve the finer resolution needed to perform small
nutation movements, however, at greater target distances, the positional inaccuracies
that micro-stepping introduces becomes more apparent. The effects of micro-stepping
on the quality of the circular spray pattern is shown in Figure 5-14.
Figure 5-14: Degradation of Circular Spray Pattern Diameter at the d2: 31.0 cm
Target Distance
Figure 5-14 compares the circular spray pattern created by the autonomous nutation
control algorithm at target distance d3 against the ghosts of the spray patterns gen-
erated at target distance d0 and d2. As it can be seen, the curves of the spray pattern
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generated at target distance d3 differ greatly in smoothness and shape from those
generated at distances d0 and d2. Again, as previously stated, this is not an ideal
result, however, given the small scale and nature of the prototype system’s actuators,
this result was expected.
It was also observed during testing that if the yaw axis stepper motor was operated
with too large of an acceleration, the inertia of the pitch stepper assembly attached
to the yaw arm would cause the yaw axis stepper to slip and loose its position.
The increased torque requirement during large accelerations causes an overload of
the available holding torque of the yaw axis stepper, ultimately causing the stepper
shaft to momentarily break free and loose its position. Though micro-stepping can
cause a slight reduction in operating torque, this issues is mainly attributed to the
lowered torque capacity of the Nema17 pancake style stepper motor. The pancake
style stepper motor offers a compact form factor however, it suffers in available torque
compared to taller standard sized stepper motors of the same Nema17 frame size. The
effects of the additional torque load caused by the pitch assembly’s inertia can still
be seen even at lower operating accelerations. This can be observed in the the data
presented in Table 5.2, all of the measured horizontal pattern diameters are larger
than that of the vertical measured diameters. This increased measured horizontal
diameter over vertical measured diameter is due to the fact that the yaw axis stepper
motor controls the horizontal size of the projected circular spray pattern. Even though
the stepper motors are operating at a low enough acceleration to not cause immediate
shaft slip, when the mass of the pitch stepper assembly accelerates and decelerates
as the yaw axis motor changes direction during its operational oscillations, the yaw
axis stepper motor struggles with the increased torque demand required to bring the
mass of the pitch stepper assembly to a halt and reverse its direction. This causes the
yaw axis stepper motor to overshoot its yaw angle micro step position, resulting in a
larger than intended horizontal spray pattern diameter. The pitch stepper motor is
not affected by this due to the fact that it drives only the laser module and its heat
sink mount, which is a much smaller mass than the entire pitch stepper assembly
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driven by the yaw axis stepper motor.
5.2.2 Test Set 2 - Dynamic Horizontal Spray Pattern Tests
Test Set 2 again uses the XY test platform and is similar in nature to Test Set 1,
however, it is a predominately qualitative set of tests that analyzes the effects that
using either fixed or autonomously controlled nozzle nutation has on the resulting
target surface spray pattern, while the shotcrete tool is in motion. In Test Set 2,
the prototype robotic shotcrete spraying tool advances and recedes from the target
surface while it is simultaneously translated across it. The test is conducted twice,
once with the prototype operating with a fixed nozzle nutation and a second time
with the prototype operating in fully autonomous mode. Both spraying tests are
conducted with the laser module activated for the entire duration of each test, this
creates a captured spray pattern across the entire target surface that can be visually
analyzed. The starting position for each spraying test is the bottom-left corner of
the XY test platform, this corresponds to the left edge of the target surface and the
largest possible target surface to nutation centre distance. The Y axis of the the XY
platform moves the prototype continuously towards and away from the test target
surface while the X axis continuously translates the prototype across it from left to
right, the test is concluded once the X axis has reached the rightmost limit of its
travel.
This test set is designed to simulate a shotcrete spraying process in which a single
horizontal strip of shotcrete is being sprayed across a target surface and, during such
a process, the distance from the nozzle nutation centre to the target surface varies
across the horizontal trajectory. This is intended to emulate a scenario in which the
MASS is unable to maintain a fixed target surface distance across a horizontal spray
trajectory due to environmental constraints or physical limitations of the MASS’s
manipulator arm. This test set is also designed to emulate a scenario in which the
robotic shotcrete spraying tool is being used on any robotic shotcrete system during
a semi-autonomous process in which a human operator is in control of the shotcrete
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spraying head’s movements and the robotic system is in control of the shotcrete head’s
relative orientation to the target surface.
Figure 5-15: Horizontal Spraying Pattern Result With Fixed Nutation Magnitude
Figure 5-15 shows the end result of the horizontal spraying test being conducted
while the prototype system is operating with a fixed nozzle nutation magnitude. As
expected (based on the results of Test Set 1), with a fixed nozzle nutation magnitude,
the spray pattern on the target surface shrinks as the shotcrete tool approaches the
target surface and enlarges as it is moved away. This effect is seen in Figure 5-15 where
the horizontal spray pattern begins to funnel to a smaller diameter before expanding
back out again. This is a result of the Y axis of the XY test platform moving the
prototype from its furthest target distance to its closest target distance and back out
again as the X axis carries the prototype tool across the surface. With the addition
of horizontal translation across the target surface, the results shown in Figure 5-15
reveal the potential problem for reliable autonomous shotcrete application with fixed
nutation nozzle systems. The problem being, the symmetric gaps left in the horizontal
spray profile due to the shrinkage of the spray pattern on the surface. The gaps in
the surface spray pattern are highlighted by the symmetrical red triangles in Figure
5-16.
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Figure 5-16: Highlighted Spray Pattern Gaps for Fixed Nutation Magnitude
As highlighted by the red triangles in Figure 5-16, it can be seen that as the spray
pattern shrinks, large portions of the target surface are left un-coated, leaving gaps
in the shotcrete coating. The dimension h in Figure 5-16, which is shown as the max-
imum height of the symmetric triangles, represents the maximum change in spray
pattern radius that occurs as the target distance changes across the horizontal trajec-
tory. These symmetric spray pattern gaps pose a significant problem for the MASS
robot as it uses fixed vertical spacing between each of its horizontal spraying passes.
If the initial target distance cannot be maintained and the nozzle nutation magnitude
cannot be adjusted, this will result in symmetric vertical gaps between the horizon-
tal layers of shotcrete, ultimately resulting in an uneven and structurally unreliable
shotcrete application across the target surface.
As shown in Figures 5-15 and 5-16, using a fixed nozzle nutation magnitude introduces
the potential for the MASS system to leave portions of the target surface improperly
coated during an autonomous spraying operation using a fixed nutation shotcrete
spray head. The results also show the effect on spray pattern converge that would
have to be managed by a human operator controlling the shotcrete system in a semi-
125
autonomous process. Whether the process is controlled fully by the autonomous
system or partially by a human operator, any gaps left in the spray pattern would
have to be later refilled, costing time and money. Though the results presented
in Figures 5-15 and 5-16 are completely representative of the small scale prototype
developed during this thesis, they serve as a valid visual representation of what could
potentially occur on a full scale system.
In regards to a full scale system, Equation (4.9) from Chapter 4, coupled with infor-
mation obtained from shotcrete application literature [10] on standard target distance
ranges (1 - 2 m) and maximum nozzle nutation magnitudes (15◦), can be used to ap-
proximate the maximum deviation in spray pattern radius that could occur during
a real application with a full scale MASS system. If the full scale MASS system
were to complete a spraying pass in which the target surface distance to nozzle nu-
tation centre varied from 1 - 2 m across the spraying pass, while using a passive
mechanical shotcrete spraying head with a fixed nutation magnitude of 15◦, it could
be expected to see a maximum variance of approximately ± 0.268 m in spray pattern
radius across the pass. Calculations detailing the determination of the spray pat-
tern radius variance of ± 0.268 m can be found in Section A.3 of Appendix A. The
variance of approximately ± 0.268m in pattern radius ultimately results in an overall
spray pattern diameter change of up to ± 0.536 m. A spray pattern diameter change
of approximately plus or minus half a meter is a considerable amount of variance to
contend with in order to ensure an even and homogeneous application of shotcrete to
a target surface during autonomous application.
The issue of large spray pattern diameter variance in situations where consistent target
surface distance cannot be maintained is what the robotic shotcrete spraying tool and
its autonomous control algorithm are designed to counteract. The effectiveness of the
prototype robotic shotcrete spraying tool and its control algorithm at doing so can be
seen in the results presented in Figure 5-17. Figure 5-17 shows the spray pattern result
of conducting the same horizontal spraying test used to create the results of Figure
5-15, however, with the prototype operating in fully autonomous mode, allowing the
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system to adjust the nozzle nutation magnitude in response to the changes in target
distance across the horizontal spraying pass.
Figure 5-17: Horizontal Spraying Pattern Result With Autonomous Nutation Control
As can be seen in Figure 5-17, when the prototype system is able to autonomously
control the magnitude of nozzle nutation in response to changes in target distance,
the system is able to maintain a consistent spray pattern diameter across the entire
horizontal spraying pass. This result shows the effectiveness of the robotic shotcrete
spraying tool and its autonomous control algorithm at ensuring that a spray pattern
of consistent diameter is applied to the target surface, regardless of changes in target
distance along the spraying path.
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5.2.3 Test Set 3 - Figure Eight Spray Pattern
Equations (4.15) to (4.18) represent a rudimentary set of open loop control algorithms
for generating a horizontal figure eight spray pattern with the yaw and pitch actuators
of the prototype robotic shotcrete spraying tool. The physical result of the projected
spray pattern on the target surface is seen in Figure 5-18.
(a) (b)
Figure 5-18: Figure Eight Spray Pattern Static Testing
As can be seen in both images of Figure 5-18, the control algorithm produces a spray
pattern that closely resembles a horizontally compressed figure eight. It is noted
that the path traveled by the laser dot does not follow a smooth motion path but
rather is subject to jittery motion, this can be seen clearly in Figure 5-18b. The
jittery motion is attributed to the nature of the stepper motors in that they produce
vibrations during operation and additionally due to the fact that the stepper motors
are being operated in 1/8th micro-stepping mode. The caveat of using micro-stepping
is that although a finer resolution of motion is achievable, its usage brings about the
introduction of positional inaccuracies during operation. Despite the jittery motion
of the stepper motors, the result shown in Figure 5-18 do, however, prove that the
experimental control algorithms developed in Section 4.3.1 are capable of creating a
projected figure eight spray pattern.
Though the creation of the figure eight spray pattern was successful as noted in Section
4.3.1 the pattern is aimed at providing more efficient shotcrete application when filling
large elongated surface cracks. The theory being that the back weaving motion of
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the horizontal figure eight pattern would allow more shotcrete to be deposited in
a tighter pattern as the spray head is carried across the surface feature. In order
to test this theory, a simple comparative test was devised. The test compares the
density of the spray pattern left behind by a standard circular pattern to that of the
figure eight pattern when nutating at the same speed and mean diameter across a
flat surface. The flat face of the target surface is used (Side A). The diameter of
the circular spray pattern is first set at a fixed distance from the target surface and
the nutating nozzle system is then translated horizontally across the target surface
at a fixed speed while a fixed position camera records the illumination of the target
surface. The same procedure is carried out for the figure eight spray pattern at the
same target distance, mean pattern diameter and horizontal translation speed. The
results of the two patterns are compared in Figure 5-19.
(a) Circular Spraying Pattern (b) Figure Eight Spraying Pattern
Figure 5-19: Circular Vs Figure Eight Flat Surface Spraying Comparison
When the results of the translated circular and figure eight spraying patterns are
compared side by side in Figure 5-19, it can be seen that the circular spaying pattern
produces a results that is in fact far denser than that of the figure eight spray pattern.
This result is counter to the initial assumptions made in that the back weaving motion
of the figure eight pattern would produce the denser result. When Figure 5-19b is
analyzed, it can be seen that each successive cycle of the figure eight spraying pattern
has a greater spacing than each successive cycle of the circular spraying pattern. This
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is due to the fact that the path traveled by the laser dot in the figure eight pattern
is twice that of the standard circle of the same mean diameter. The footage of the
spray pattern tests was recorded in 60 frames per second allowing for a frame by
frame analysis to be conducted. Analysis showed that the circular spray pattern took
approximately 0.76 seconds to complete one cycle where as the figure eight pattern
took approximately 1.3 seconds, this results in an operating frequency of 1.31 Hz and
0.77 Hz, respectively for each pattern during the test. The effect of the additional
time taken to complete one cycle of the figure eight spraying pattern on pattern
density was an oversight during the initial conception of the pattern itself. Though
the actuation speed of the yaw and pitch stepper motors could be increased to match
the frequency of the circular pattern, the increased nozzle tip velocity would have
unknown effects on the quality of the shotcrete application in a real-life scenario.
Additionally, it would bring into question the usefulness of the more complex figure
eight pattern standard circular pattern if it required a faster operational frequency
to produce a pattern with the same density.
This result prompted the reconsideration and further investigation of the figure eight
control algorithm and its potential usefulness over the standard circular spray pattern.
Investigation was furthered by conducting additional spray pattern tests using Side B
of the target surface with the surface feature resembling an elongated surface crack.
A close up view of the Side B surface crack can be seen in Figure 5-20.
Figure 5-20: Side B Surface Crack Close Up View
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The fist set of additional tests conducted on Side B of the target surface used the
same operational parameters that were used when conducting the spraying tests on
Side A. The comparative results are shown in Figure 5-21.
(a) Circular Spraying Pattern (b) Figure Eight Spraying Pattern
Figure 5-21: Circular Vs Figure Eight Surface Crack Filling
Again, as seen in the flat surface tests, the circular spray pattern produces a denser
spray result than that of the same mean diameter figure eight spray pattern. However,
application of the spray patterns to a 3D surface brings to light a caveat of using the
circular spray pattern on a feature of this nature. In order to spot fill the surface
crack, shotcrete must be built up in the centre of the crack to even out the surface.
Though the circular spray pattern applies a dense layer to the surface, it is applying
it across the entire height of the surface crack. Depositing shotcrete to both the
low regions and high regions of the surface crack simultaneously. This creates an
even distribution of shotcrete but does not allow the centre of the crack to be filled
specifically. This is potentially remedied by decreasing the the size of the circular
spray pattern by reducing the nutation magnitude, however, it must be kept in mind
that the smaller the circular spray pattern becomes, the more it begins to resemble
a non nutating spray jet of shotcrete. This will result in a poor shotcrete structure
and introduces the potential for shotcrete dropout. Dropout occurs when too much
shotcrete is applied in one area causing it to clump together and fall off the surface
bringing previously applied layers of wet shotcrete with it, this is especially of concern
in overhead spraying applications [17].
In the surface crack scenario shown in Figure 5-21 the figure eight spray pattern offers
131
no foreseeable advantage over the circular spray pattern and suffers from the similar
caveat of reducing mean pattern diameter. This is due to the fact that the rudimen-
tary control algorithm creates the figure eight pattern with two symmetrical circles.
It was, however, realized that the equations that make up the figure eight spray pat-
tern control algorithm (Equations (4.15) to (4.18)) could easily be modified in order
to alter the shape of the figure eight pattern to better suit the given situation. The
equations were altered by adding a set of scaling parameters x and y into Equations
(4.15) to (4.18). The scaling parameters multiply the respective Magnitude of Nozzle
Nutation parameters MT in the respective control equation sets in order to alter the
aspect ratio of the projected figure eight pattern in the X and Y axis directions on
the target surface. The new control equations with the scaling parameters included
are:
Y awActuator Angle (Deg.) : α θ=0→2π = αT − xMT + xMT cos θ (5.1)
PitchActuator Angle (Deg.) : β θ=0→2π = βT + yMT sin θ (5.2)
and
Y awActuator Angle (Deg.) : α θ=2π→0 = αT + xMT − xMT cos θ (5.3)
PitchActuator Angle (Deg.) : β θ=2π→0 = βT − yMT sin θ (5.4)
where
αT Target YawAngle - Yaw angle position set by user joystick
βT Target P itchAngle - Pitch angle position set by user joystick
MT Magnitude of NozzleNutation - Set point value between 0
◦ − 15◦
θ Endlessly increments and decrements between 0 − 2π in 0.01 Radian steps
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x X direction scaling factor, increases or decreases pattern width
y Y direction scaling factor, increases or decreases pattern height
The resulting spray pattern from the implementation of Equations (5.1) to (5.4) can
be seen in Figure 5-22.
(a) (b)
Figure 5-22: Figure Eight Spray Pattern 2.5:1 Aspect Ratio
As can be seen in Figure 5-22, the figure eight spray pattern takes on an elongated
and vertically compressed shape. The change in aspect ratio of the new figure eight
spray pattern can be clearly seen when compared side by side as shown in Figure 5-23
against the standard figure eight spray pattern with a 1:1 aspect ratio.
(a) (b)
Figure 5-23: Figure Eight Spray Pattern 1:1 Vs 2.5:1 Aspect Ratio
As can be seen in Figure 5-23a, the figure eight pattern has been compressed vertically
by a factor of 0.5 and extended horizontally by a factor of 1.25, resulting in an aspect
ratio of 2.5:1. This scaling was done purposefully to match the geometry of the
surface crack depicted in Figure 5-20, to allow for a final comparative test to be
performed between the new figure eight spray pattern and a circular spray pattern
133
with a diameter reduced to match the scaled height of the new figure eight spray
pattern. The theory behind altering the aspect ratio of the figure eight spraying
pattern is that by elongating the pattern horizontally, while decreasing its vertical
height, allows the spray pattern to be sized accordingly to fill the centre of the surface
crack while allowing the spray nozzle to remain in motion during the filling process.
This prevents the spray pattern from resembling a non-nutating spray jet and, as well,
due to the proven lower density of the figure eight spray pattern, has the added benefit
of further dispersing the shotcrete over the surface feature, which will potentially
reduce the chances of dropout occurring.
The theory of adjusting the figure eight spray pattern’s aspect ratio was tested by
conducting an additional set of comparative spraying tests again on the surface crack
feature on Side B of the target surface. The same test parameters used to generate
the results presented in Figure 5-21 were again used with the exception of the sizes of
the circular spray pattern and the figure eight spray pattern. The figure eight spray
pattern was, as previously mentioned, compressed vertically by a factor of 0.5 and
extended horizontally by a factor of 1.25. The circular spray pattern was reduced
to half of its previous size to match the vertical reduction of the figure eight spray
pattern. The results of the spraying tests are shown in Figure 5-24.
(a) Circular Spray Pattern 0.5 Scale (b) Figure Eight Pattern 2:5 Aspect Ratio
Figure 5-24: Figure Eight Spray Pattern Static Testing
Comparing Figures 5-24a and 5-24b reveals that as expected, the reduced diameter
circular spray patter creates a very dense spray result within the centre of the surface
crack where as the skewed figure eight pattern produces a far more distributed pattern.
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As seen in Figure 5-24a, the circular spray pattern is so dense that the successive cycle
passes cannot be discerned from one another and the pattern appears to have been
created from one single large laser source. This indicates a spraying result that would
be potentially susceptible to shotcrete dropout. In contrast, as seen in Figure 5-
24b, the spray pattern creates a spray result that is more evenly distributed across
the centre of the surface crack, the successive cycle passes can be clearly discerned
in the spraying result. This indicates that altering the aspect ratio of the figure
eight spraying pattern can potentially offer a dropout resistant spraying method for
building up homogeneous layers of shotcrete within deep crack-like surface features.
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5.2.4 Test Set 4 - Spiral Spray Pattern
Equations (4.19) and (4.20) provide a basic open-loop control strategy for generating
an overlapping spiral spray pattern with the yaw and pitch actuators of the prototype
robotic shotcrete spraying tool. As shown in Figure 4-7 of Section 4.3.2, the spray
pattern begins with an outward moving spiral. The spiral is programmed to emulate
an Archimedean Spiral, meaning the resulting spiral spray pattern must have equal
spacing between each of its successive loops. Figure 5-25 shows the physical result of
the first stage of the spiral spray pattern created by the robotic shotcrete spraying
tool prototype on the flat side of the target surface.
(a) (b)
Figure 5-25: Outward Spiral of Looping Spiral Spray Pattern
Qualitative visual analysis of the results presented in Figure 5-25 reveals that the
system is able to successfully generate a spiral with even spacing between each of
its successive loops. The spiral spray pattern, however, is subject to to the same
jittery motion as seen before in the figure eight and circular spray patterns. The
results presented in Figure 5-25 represent only half of the looping spiral’s full spraying
pattern, as shown in Figure 4-9 in Section 4.3.2 of Chapter 4, the spraying pattern
must loop back to the centre with an inwards moving Archimedean Spiral. Figure
5-26 shows the physical results of allowing the system to complete both the outward
and subsequent inward Archimedean Spirals of the looping spiral spray pattern on
the flat side of the target surface.
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Figure 5-26: Full Looping Spiral Spray Pattern on Flat Target Surface
As seen in Figure 5-26 the spraying pattern produces an inward looping spiral with
even spacing that returns back to the centre of the spraying pattern. It can be seen
from the illuminated pattern on the flat target surface that the looping spiral spray
pattern is most dense at its centre and feathers out as it reaches the outer loops of
the outward spiral. This result is ideal for filling deep pocket-like surface features,
as the goal is to build up smooth layers of shotcrete within the centre of the pocket
before applying larger amounts to the pocket perimeter. To further visually validate
the performance of the looping spiral spray pattern, a simple static position test was
conducted with the pocket-like surface feature on Side B of the target surface. The
results of this test are shown in Figure 5-27.
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Figure 5-27: Full Looping Spiral Spray Pattern on Pocket Type Surface Feature
The spray pattern shown in Figure 5-27 is a result of allowing the system to continu-
ously run the looping spiral spray pattern for approximately 30 seconds. Within the
30 second window, the system made multiple outward and inward spirals, thereby,
covering the surface pocket. This result demonstrates the concept of how the spiral
spray pattern would be used in a scenario in which a large pocket-like surface feature
needed to be filled. As can be seen, the overlapping spirals cover a large surface
area of the surface feature without having to physically re-position the nozzle, as one
would have to do if a traditional fixed spray jet were being used. The physical tests
also show that due to the inward and outward spiraling motion, the shotcrete nozzle
is able to constantly remain in motion, which is essential to producing evenly dis-
tributed and homogeneous layers of shotcrete on the target surface and guard against
dropout.
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5.3 Radiation Detection Tool Testing and Results
This section outlines and presents the results of the various quantitative and qualita-
tive tests that were conducted on the radiation detection tool prototype. The tests
were conducted using the XY test platform, radiation penetration test platform and
radiation target surface outlined in Sections 5.1.1, 5.1.2 and 5.1.3, respectively.
5.3.1 Radiation Penetration Testing
Verification of the high and low energy gamma attenuation capacities of the radiation
detection tool’s composite shielding structure is an important metric in evaluating the
performance of the prototype tool and the credibility of the assumptions made during
its design and analysis. Section 3.2.1 outlines the estimated individual attenuation
capacities of the composite shielding structure for Cobalt-60 and Cesium-137 sources
which, respectively, represent high and low energy gamma radiation sources. The
composite shielding structure was estimated to posses an attenuation capacity of
44.4% with the Cesium-137 source and 28.70% with the Cobalt-60 source. There-
fore, it is expected that when shielded, measurements taken of the Cesium-137 and
Cobalt-60 sources should drop to approximately 55.6% and 71.3% of their unshielded
measurement intensities, respectively. The estimated radiation attenuation capacities
of the composite shielding structure were tested using the radiation penetration test
platform outlined in Section 5.1.2. The test platform was used with a Cesium-137
and Cobalt-60 disk source from the Spectrum Techniques model RSS gamma source
set. The sources used can be seen in Figure 5-28.
Figure 5-28: Cesium-137 and Cobalt-60 Sources
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As seen in Figure 5-28, the Cesium-137 and Cobalt-60 sources were both manufac-
tured as 1.0 µCi sources, however, due to their age, the effects of radioactive decay
had to be taken into consideration. Based on the respective radioactive half-lives and
manufacture dates of both sources, it was estimated that at the time of experimenta-
tion the Cesium-137 and Cobalt-60 sources had a remaining radioactivity of 0.728 µCi
and 0.162 µCi, respectively. Calculations on determining the remaining radioactivity
of the chosen sources can be found in Section A.2 of Appendix A.
As previously noted, testing was conducted using the radiation penetration test plat-
form outlined in Section 5.1.2. The LND-712 detector was placed on the mounting sled
in its unshielded and shielded configurations for both the Cesium-137 and Cobalt-60
source in separate isolated measurement sessions. This resulted in a total of four sepa-
rate measurement sessions, one unshielded and one shielded session for each radiation
source. Due to the stochastic nature of radiation measurements and the programming
of the Libelium Radiation Sensor Board, each measurement session was conducted
for 300 seconds. The Libelium Radiation Sensor Board is programmed to count the
number of detection events that occur during a 10 second measurement window. The
program then multiplies the number of counted detection events by 6 to provide an
approximation of the amount of ionizing radiation measured during that 10 second
window in Counts Per Minute (CPM). Each 300 second measurement session results
in a total of 30 data points, each approximating the amount of ionizing radiation
measured by the LND-712 detector in CPM at each 10 second increment. The data
points for each measurement session were averaged to allow for comparison between
the average radiation intensities measured by the LND-712 detector during each mea-
surement session. The resulting averaged data is presented in Table 5.3. Table 5.3
presents average unshielded and shielded CPM readings taken with the LND-712 for
the Cesium-137 and Cobalt-60 disk sources. Additionally, presented in Table 5.3 is
the calculated reduced intensity in percentage of the average shielded measurement
when compared to its average unshielded measurement for each source.
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Table 5.3: LND-712 Composite Shielding Radiation Penetration Test Results
Source Avg. Unshielded (CPM) Avg. Shielded (CPM) % Intensity
Cesiun-137 77.6 48.4 62.4
Cobalt-60 78.6 63.6 80.9
From the data presented in Table 5.3 it can be seen that as expected, there was a
greater drop seen in measured intensity for the lower energy Cesium-137 source com-
pared to that seen with the higher energy Cobalt-60 source. The composite shielding
structure was able to reduce the measured intensity of the Cesium-137 source to
62.4% of its unshielded measured intensity while only being able to reduce the mea-
sured intensity of the Cobalt-60 source to 80.9% of its unshielded measured intensity.
When the experimental results are compared to the calculated measured intensity
reduction estimates of 55.6% and 71.3% for the Cesium-137 and Cobalt-60 sources,
respectively, it can be seen that the composite shielding structure does not perform as
well as expected. Table 5.4 presents a comparison of the estimated and experimental
results.
Table 5.4: Estimated Vs Experimental % Measured Intensity (Shield Vs Unshielded)
Source Estimated % Intensity Experimental % Intensity %Error
Cesiun-137 55.6 62.4 12.2
Cobalt-60 71.3 80.9 13.5
As shown in Table 5.4, the composite shielding structure does not reduce the measured
intensity of ionizing radiation as well as it was estimated to for both the high energy
and low energy gamma source. The percent error, however, for both cases is relatively
low and shows a strong correlation given that the percent error for both cases differs by
on 1.3%. The low percent error and strong correlation between the resulting percent
errors lends credibility to the assumptions made during the analysis conducted on the
design of the radiation detection tool’s shielding structure presented in Section 3.2.2.
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5.3.2 Collimator Performance Testing
As outlined in Section 2.2.4 and detailed in Section 3.2.2, the prototype radiation
detection tool is outfitted with a single hole collimator attachment designed to restrict
the detector’s un-attenuated surface detection zone to a known size. Based upon the
prototype collimator dimensions outlined in Figure 3-15 of Section 3.2.2 in Chapter
3, the surface detection zone of the prototype radiation detection tool is estimated
to be a 1.50” (38.10 mm) diameter circle when the collimator is held 1.50” (38.10
mm) from the target surface. In order to verify the collimator’s ability to restrict the
radiation detection tool’s un-attenuated surface detection zone, the XY test platform
was used in conjunction with the radiation surveying test surface outlined in Section
5.1.3.
The effectiveness of the collimator was tested by conducting a series of surveying
experiments with and without the collimator attached to the radiation detection
tool. Two distinct radiation profiles were created using the radiation target surface
and the radiation disk sources from the Spectrum Techniques RSS source kit. The
sources used during the experiment can be seen in Figure 5-29.
Figure 5-29: Disk Sources Used to Create Surface Radiation Profiles (From Left to
Right: Cesium-137, Sodium-22, Cobalt-60, Manganese-54, Barium-133)
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Each source was manufactured as a 1.0 µCi source, however, due to the ages and
respective half-lives of the sources, radioactive decay had to be taken into consid-
eration. Table 5.5 details the chosen sources and estimated activity at the time of
experimentation, supporting calculations on source activity can be found in Section
A.2 of Appendix A.
Table 5.5: Spectrum Techniques Sources: Gamma Energies, Half-Lives and Activities
Source Peaks of Interest γ (MeV) Half-life Est. Activity (µCi)
Cesium-137 0.662 30.2 yrs. 0.728
Sodium-22 0.511, 1.275 2.6 yrs. 0.025
Cobalt-60 1.173, 1.333 5.27 yrs. 0.162
Manganese-54 0.835 313 days 0.036
Barium-133 0.276, 0.303, 0.356, 0.384 10.8 yrs. 0.409
The sources chosen from the RSS kit were selected based upon their remaining activity
levels and gamma energy level ranges in order to create a radiation test surface with
a diverse and unique signature. As seen in Table 5.5, the sources chosen represent
lower energy gamma below 0.5 MeV, mid-range 0.5-1.0 MeV and higher energy gamma
above 1.0 MeV. Additionally, as seen in Table 5.5, the chosen sources represent a wide
range of remaining activity levels.
Before the surveying tests were conducted the XY test platform was used in conjunc-
tion with the radiation target surface to measure each of the selected disk sources
in isolation. Each of the sources were, in turn, placed in the first pocket of the ra-
diation test surface and measured using the radiation detection tool. Measurements
were taken with and without the collimator attached and were taken at the intended
target surface to collimator distance of 1.50” (38.10 mm). Figure 5-30 depicts the
method in which the sources were measured in isolation.
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Figure 5-30: Cobalt-60 Disk Source Being Measured In Isolation
The sources were measured in the manner depicted in Figure 5-30 in order to collect
baseline measurement data for the measured activity level of each source in isolation.
These isolated measurements provided comparison data to evaluate the effectiveness
of the radiation detection tool’s collimator when measurements were taken of the
same sources again in the presence of the other sources on the radiation target sur-
face. As previously noted, the isolated sources were measured with and without the
collimator attached to the radiation detection tool. This was done to compare the
effects of the collimator on the detection efficiency of the radiation detection tool.
Each isolated source was measured with and without the collimator attached for 200
seconds, allowing the Libelium Radiation Sensor board to generate 20 data points for
the CPM measurement of the source. The data points were then averaged to provide
an approximation of each source’s average measured CPM value in isolation with and
without the collimator attached. The resulting data is presented in Table 5.6.
As seen by the data presented in Table 5.6 the collimator causes a reduction in the
detection efficiency of the LND-712, which results in lower measured activity levels of
the disk sources. The observed reductions in measured activity levels ranges from 2.9
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- 39.3%. It is noted that the measurements of the sources with lower average gamma
energy levels were the greatest affected by the attachment of the collimator.
Table 5.6: Average CPM Readings From Isolated Source Measurement
Source Avg. CPM (No Collimator) Avg. CPM (Collimator) % Diff.
Cesium-137 45.6 33.9 -25.7
Sodium-22 20.7 14.4 -30.4
Cobalt-60 46.5 42.9 -7.7
Manganese-54 10.5 10.2 -2.9
Barium-133 36.6 22.2 -39.3
After the baseline measurement data was collected from each source in isolation,
simulated survey testing with multiple sources could begin. Two sets of survey ex-
periments were conducted across two distinct radiation profile configurations on the
radiation target surface. Each radiation profile was surveyed twice, once with the col-
limator attached to the radiation detection tool and once without. Each survey was
conducted at the intended target surface to collimator distance of 1.50” (38.10 mm).
Measurements were taken across the target surface in 1.00” (25.40 mm) increments
starting at Source Pocket 1 and ending at Source Pocket 5. The radiation detection
tool was allowed to take measurements at each surface increment for 200 seconds.
The resulting 20 data points for the measured CPM reading at each measurement
point were then averaged to provide an approximation of the average CPM reading at
that position. The physical configuration and experimental results of each surveying
experiment are detailed in the following subsections.
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Survey Experiment 1
Survey Experiment 1 was set up to test the performance of the collimator when
surveying sources of varying gamma energy levels in close proximity. Four of the five
chosen gamma sources from the RSS source kit were selected to create the radiation
profile on the target surface for Survey Experiment 1. Figure 5-31 shows the sources
selected and their configuration on the target surface for Survey Experiment 1. The
radiation profile depicted in Figure 5-31 was surveyed twice, once with the collimator
attached and once without. The resulting averaged CPM readings from the collimator
attached and detached surveys are presented in Figure 5-32 as an overlay line plot.
Figure 5-31: Survey Experiment 1 Radiation Profile Configuration: 1: Empty, 2:
Cesium-137, 3: Cobalt-60, 4: Manganese-54, 5: Sodium-22
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Figure 5-32: Experiment 1 - Average CPM Readings Collimator Attached VS De-
tached
The readings obtained from Survey Experiment 1 showed promising results for the
performance of the radiation detection tool’s collimator. Analysis of the survey plots
presented in Figure 5-32 show that there is a very apparent difference between the
survey conducted with and without the collimator attached to the radiation detection
tool. It can be seen that with the collimator attached to the radiation detection tool,
the distinct peaks associated with the presence of a disk source can be clearly identified
along the plot of the survey. This is particularly noticeable between Source Pockets
2 and 3. As expected, the CPM reading peaks when the detector is directly over
the sources in Pockets 2 and 3 and then dips down when it is measuring between
the pockets at the 3.00” (76.20 mm) mark along the survey path. When the survey
taken without the collimator attached is analyzed, it can be seen that the survey plot
indicates the presence of one large radiation source located around the 3.00” (76.20
mm) mark along the survey path. When compared, it can be seen that though the
survey conducted without the collimator attached does provide some indication of the
location of the sources, their individual specific locations cannot be as easily discerned
as in the survey taken with the collimator attached. The survey conducted without
the collimator attached, therefore, fails to achieve the desired result of discerning the
distinct radiological profile of the target surface.
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It can also be seen from Figure 5-32 that each measurement from the survey taken
without the collimator attached indicates a much higher level of surface radiation
than the measurements from the survey taken with the collimator attached. Though
the collimator does decrease the detection efficiency of the detection tool, this higher
measured radiation level is primarily attributed to the influence of the sources present
in the adjacent source pockets on the target surface. This is proven by comparing the
data collected from the sources when measured in isolation without the collimator
attached, to the data obtained from the experimental survey conducted without the
collimator attached during Survey Experiment 1.
The comparison was made by creating an overlay plot of the isolated radiation mea-
surements of each individual source against the respective positions that the sources
were placed in during Survey Experiment 1. The overlay plot from the isolated mea-
surement data essentially represents the theoretical radiation profile that should be
detected by the radiation detection tool based solely upon the physical locations of the
sources and ignores the influence of adjacent sources. It was assumed in this theoret-
ical plot that measurements taken between pockets with sources present would show
the average between the respective source’s isolated measurement readings. Addition-
ally, it was assumed that any measurement taken of an empty pocket would read at
near background radiation levels. At the time of experimentation, background radia-
tion levels were measured to be an average of 9.6 CPM. These assumptions are based
upon the theoretical explanations outlined in Section 2.2.4 and detailed in Figure
2-8. Figure 5-33 shows the comparison between the collimator detached plot created
from Survey Experiment 1 and the theoretical overlay plot of the isolated radiation
measurements taken without the collimator attached.
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Figure 5-33: Survey Experiment 1 Results Vs Theoretical (Collimator Detached)
It can be seen from Figure 5-33 that the general profile of the theoretical radiation
survey and the experimental radiation survey are nearly identical in shape. However,
the plot of the experimental survey shows a much higher overall level of radiation
at each measurement position. This is due to the fact that without the collimator
attached to the detection tool, the radiation from adjacent sources is able to reach
the LND-712 detector un-attenuated. This results in the inflation of the localized
measurements taken at each position. The measurement inflation effect can be seen
in the data presented in Table 5.7.
Table 5.7: Survey Experiment 1 Average Source Readings Vs Average Isolated Source
Readings (Collimator Detached)






Table 5.7 compares the isolated source measurements taken without the collimator
attached to the respective source pocket measurements taken without the collimator
attached during Survey Experiment 1. The inflation effect is most notably observed in
the measurements of sources pockets directly adjacent to the Cobalt-60 source. This
is due to the fact that the high energy gamma rays of the Cobalt-60 source are able
to more easily penetrate the composite shielding structure of the radiation detection
tool, in addition to freely reaching the end-window of the LND-712 detector. Though
the penetrating gamma rays cannot be further attenuated without the addition of
extra shielding to the prototype detection tool, the attachment of the collimator
helps to attenuate the gamma rays that are freely reaching the end-window of the
LND-712 detector.
Though the results of the survey conducted with the collimator attached to the ra-
diation detection tool show promise, as depicted in Figure 5-32, in order to truly
understand the benefit of using the collimator, it is important to compare the ex-
perimental survey result presented in Figure 5-32 to the baseline results obtained
from measuring the sources in isolation with the collimator attached to the radia-
tion detection tool. A theoretical overlay plot was created from the measurement
data previously collected from each source in isolation with the collimator attached
to the radiation detection tool. For the theoretical plot, it was assumed that if the
collimator were to function perfectly (fully attenuating all gamma rays not within
its restricted surface detection zone), then the detection tool, when surveying at a
source pocket with a source present, would read at the respective collimator attached
isolated source measurement reading for the given source, regardless of the presence
of other sources in adjacent source pockets. Additionally, it would be expected, if the
collimator were functioning perfectly, the radiation tool would read at background
radiation levels when measurements are taken between occupied source pockets and
at empty pockets on the radiation target surface. The isolated source measurements
taken with the collimator attached were plotted against the respective positions of
the sources on the radiation target surface used in Survey Experiment 1. This cre-
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ates a theoretical baseline radiation profile that represents a highly idealized scenario.
Figure 5-34 shows the comparison between the survey plots generated during Survey
Experiment 1 and the idealized theoretical plot generated from the isolated source
measurements taken with the collimator attached.
Figure 5-34: Survey Experiment 1 Results Vs Ideal Theoretical Results
As can be seen in Figure 5-34, the profile of the experimental collimator attached
survey closely resembles the shape of the idealized theoretical profile. Again, similar
to what was seen in Figure 5-33, the collimator attached experimental radiation profile
indicates higher levels of radiation at each of its source pocket measurement positions
than the ideal theoretical profile indicates. This is due to the fact that though the
collimator and detection tool’s composite shielding body do reduce the influence of
adjacent sources on the radiation target surface, partially attenuated gamma rays still
reach the LND-712 detector, primarily through the thinner lead shielding within the
composite shielding structure. The inflation of the collimator attached survey results
due to the influence of adjacent sources can be seen in the data presented in Table
5.8.
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Table 5.8: Survey Experiment 1 Average Source Readings Vs Average Isolated Source
Readings (Collimator Attached)





Table 5.8 compares the measurements of the sources taken in isolation with the col-
limator attached to the measurements taken with the collimator attached at each
respective source pocket in Survey Experiment 1. The inflation of detector readings
is particularly noticeable at measurement points around the Cobalt-60 source, whose
higher energy gamma rays are more easily able to penetrate the detection tool’s com-
posite shielding structure, thereby largely influencing the results measured at adjacent
source pockets. The inflation effect can be further reduced by adding additional lead
shielding, however, this must be balanced in a practical sense against the increased
shielding weight and the gradually diminishing returns in radiation shielding capac-
ity due to the exponential relationship of halving thickness of radiation shielding
materials.
Despite the inflation effects present in the profile generated from the experimental
survey conducted with the collimator, the result still closely approximates the profile
of the highly idealized theoretical survey profile. More importantly, when compared
to the survey conducted without the collimator, it can be seen that the use of the
collimator allows the specific location of the surface sources to be identified along the
path of the survey.
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Survey Experiment 2
To confirm the results obtained in Survey Experiment 1, a second survey experiment
was conducted using the XY test platform and target radiation surface. Survey
Experiment 2 was conducted in the same manner as Survey Experiment 1 with the
only differences being the chosen sources and their arrangement on the target surface.
Figure 5-35 details the sources chosen and their physical configuration on the radiation
target surface for Survey Experiment 2.
Figure 5-35: Survey Experiment 2 Radiation Profile Configuration: 1: Sodium-22, 2:
Barium-133, 3: Empty, 4: Cobalt-60, 5: Manganese-54
For Survey Experiment 2, again, four sources were selected from the five listed in
Table 5.5. The only difference in selected sources from Survey Experiment 1 was
that the Cesium-137 source was exchanged for the Barium-133 source. As seen in
Figure 5-35, the radiation profile has been arranged with a large gap in the centre
at Source Pocket 3 with the two sources of highest relative radioactivity placed in
Source Pockets 2 and 4. This was done to create a radiation profile with a very
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distinct shape in order to test the collimator’s performance. If performing optimally,
it would be expected that the resulting radiation survey would assume a valley like
shape centred around Source Pocket 3 with sloping peaks at Source Pockets 2 and
4. The source configuration shown in Figure 5-35 was surveyed with and without
the collimator attached to the radiation detection tool, the resulting radiation profile
plots are presented in Figure 5-36.
Figure 5-36: Experiment 2 - Average CPM Readings Collimator Attached VS De-
tached
The results presented in Figure 5-36 confirm the effectiveness of the radiation detec-
tion tool’s collimator in achieving the goal of obtaining localized surface radiation
measurements. The resulting surface radiation plot from the survey conducted with
the collimator attached clearly shows the expected result given the configuration of
the radioactive sources on the target surface. As expected, the resulting radiation plot
from the collimator attached survey shows a valley centered around Source Pocket 3
at the 4.00” (101.60 mm) measurement position, with two sloping peaks at the Source
Pocket 2 and 4 locations of 2.00” (50.80 mm) and 6.00” (152.40 mm), respectively.
The results of the survey conducted without the collimator attached show a far less
detailed representation of the target surface’s radiological profile and indicate a higher
overall average level of measured surface radiation. When compared to the results
of the survey taken with the collimator attached, it can be seen that the collimator
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attached survey presents a much clearer depiction of the surface’s radiological profile
than that of the survey taken without the collimator. The qualitative results of Sur-
vey Experiment 2 confirm the results of Survey Experiment 1, that being that the
attachment of the collimator allows the radiation detection tool to better attain local-
ized surface radiation measurements and produce radiation survey plots that better
characterize the details of the surface’s radiological profile. The results of Survey Ex-
periment 2, however, must be compared to the baseline isolated source measurements
in the same manner as the results of Survey Experiment 1, as presented in Figures
5-33 and 5-34, in order to qualitatively compare the performance of the collimator
between both survey experiments.
The qualitative comparison was begun by creating theoretical overlay plots in a man-
ner identical to that which was used to create Figures 5-33 and 5-34. Figure 5-37
shows the comparison of the results from the experimental survey conducted without
the collimator attached in Survey Experiment 2, to that of a theoretical plot generated
from the results of the isolated source measurements taken without the collimator and
the physical configuration of the respective sources on the target surface in Survey
Experiment 2.
Figure 5-37: Survey Experiment 2 Results Vs Theoretical (Collimator Detached)
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As seen in Figure 5-37, when the experimental plot of the survey experiment con-
ducted without the collimator attached is compared to the theoretical survey plot
based on baseline isolated measurement results, it is seen that the experimental sur-
vey yields a plot that follows a similar profile shape to that of the theoretical plot,
however, the experimental plot indicates a much higher level of overall averaged mea-
sured surface radiation. This result follows the same trend as the results from Survey
Experiment 1 presented previously in Figure 5-33. Table 5.9 compares the isolated
source measurements taken without the collimator attached to the respective source
pocket measurements taken without the collimator attached during Survey Experi-
ment 2.
Table 5.9: Survey Experiment 2 Average Source Readings Vs Average Isolated Source
Readings (Collimator Detached)





Again, similar to what was seen in the results presented in Table 5.7, the data pre-
sented in Table 5.9 shows a larger amount of inflation in the experimental measure-
ments taken at the source pockets neighboring the Cobalt-60 source.
The performance of the collimator in Survey Experiment 2 was evaluated by creating
a comparison plot that compares the results presented in Figure 5-36 to a highly
idealized theoretical plot based upon the isolated source measurements taken with
the collimator attached. The idealized theoretical plot was generated in a manner
identical to that which was used to generate the theoretical plot found in Figure 5-34.
The comparison plot can be see in Figure 5-38.
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Figure 5-38: Survey Experiment 2 Results Vs Ideal Theoretical Results
From Figure 5-38, it can be seen that the shape of the radiation profile generated from
the experimental survey conducted with the collimator attached closely resembles that
of the ideal theoretical profile. This result is similar to that which was seen in Survey
Experiment 1, in that as shown by Figure 5-34, the experimental radiation profile
generated from survey data obtained with the collimator attached closely resembles
its respective idealized theoretical profile.
The primary difference between the collimator attached theoretical and experimental
profiles of Survey Experiment 2, is that the profile generated from the experimental
results indicates a higher average level of measured surface radiation at each mea-
surement position. There is an exception to this however that can be seen at the
Cobalt-60 source pocket measurement position. As seen in Figure 5-38 the theoreti-
cal result and experimental result of the Cobalt-60 source pocket closely match. This
exception is further detailed in the results presented in Table 5.10.
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Table 5.10: Survey Experiment 2 Average Source Readings Vs Average Isolated
Source Readings (Collimator Attached)





Table 5.10 tabulates the isolated source measurements taken with the collimator
attached against the experimental source measurements taken with the collimator
attached at each source pocket during Survey Experiment 2. As previously noted,
the results presented in Figure 5-38 show that the collimator attached radiation pro-
file generated from experimental results indicates a higher overall average level of
measured surface radiation compared to the idealized theoretical plot. However, as
seen in Figure 5-38 and in the data presented in Table 5.10, a point of interest exists
at the Cobalt-60 source pocket measurement position. The average CPM reading
obtained from the experimental survey is nearly identical to the average CPM read-
ing of the Cobalt-60 source when measured in isolation. Additionally, as seen in the
data presented in Table 5.10, the collimator attached Cobalt-60 source measurement,
with a -0.9 CPM difference, is the only experimental measurement between both sur-
vey experiments to indicate an experimental source reading smaller than its isolated
baseline measurement.
Though the collimator attached measurement of the Cobalt-60 source in Survey Ex-
periment 2 presented an anomaly in the experimental data, the result is attributed to
a number of logical factors. Given the fact that of the chosen sources, the Cobalt-60
source has the greatest penetrating influence and that in Survey Experiment 2, the
closest neighbouring source was the lower energy and lower activity Manganese-54
source, it was concluded that the radiation detection tool’s collimator and compos-
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ite shielding body effectively isolated the measurement taken at the Cobalt-60 source
from all other external influences on the target surface. This, from a functional stand-
point is an experimental result that represents the prototype radiation detection tool
operating in a highly ideal manner given its experimental test scenario. This conclu-
sion is supported by the results of the experimental collimator attached measurement
of the Cobalt-60 source presented in Figure 5-38 and in the data of Table 5.8 from
Survey Experiment 1.
The collimator attached, experimental Cobalt-60 source measurement in Survey Ex-
periment 1 with a difference of only +7.8 CPM is, as seen in Survey Experiment 2, the
closest experimental result to its respective isolated source measurement for Survey
Experiment 1. When the neighboring sources of the Cobalt-60 source in Survey Ex-
periment 1 are considered, the same conclusion is drawn, that the radiation detection
tool’s collimator and composite shielding body provide effective isolation against the
less penetrating, lower gamma energy, neighboring Cesium-137 and Manganese-54
sources. The larger relative difference of +7.8 CPM seen in the collimator attached
Cobalt-60 source measurement during Survey Experiment 1 is attributed to the fact
that in Survey Experiment 1, the Cobalt-60 source is in close proximity to two external
radiation sources, rather than just one as in Survey Experiment 2. Additionally, the
larger relative difference in experimental to isolated measurements of the Cobalt-60
source in Survey Experiment 1 is also attributed to the fact that one of the Cobalt-
60’s neighboring sources in Survey Experiment 1 is the Cesium-137 source, which has
the highest level of remaining activity (0.728 µCi) of all of the chosen sources for the
survey experiments.
The results of Survey Experiment 1 and 2 provide conclusive evidence that the pre-
cise relative surface positioning of an adequately shielded radiation detector, with a
purposefully designed single hole collimator, as a proof-of-concept, is a simple and
effective method to generate surface radiation surveys that provide greater levels of
detail on the specific radiological profile of the surveyed surface. Though the fi-
nal results of the experimental surveys conducted with the collimator attached, as
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presented in Figures 5-38 and 5-34, show that the measurements of the prototype
radiation detection tool are still partially influenced by adjacent radiation sources,
the results also show that the prototype radiation detection tool possesses the ability
to distinctly determine the physical location of a radiation source on a target sur-
face in a radiation rich environment. The achievement of the prototype represents
the enormous potential for improvement that the concepts behind the MASS and the
prototype radiation detection tool posses over the current manual radiation surveying






The completion of this thesis presents the design, implementation and testing of a
proof-of-concept prototype end-effector system for the MASS robot. The culmination
of this work represents one step in the progression of the MASS project towards
its goal of developing a robotic system capable of fully automating the shotcrete
application process for underground mining and tunneling applications and enhancing
the radiation surveying process in underground uranium mining environments. The
large scope of this thesis project required the investigation of a wide range of research
areas, this resulted in several key developments towards the MASS project as whole.
The developments presented in this thesis fall into two groups: those that provide
development towards automating the shotcrete application process and those that
provide development towards enabling the MASS with enhanced radiation surveying
capabilities.
In regards to the automation of the shotcrete application process, this thesis presented
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the conceptual redesign of a modern automatic shotcrete spray head system and the
development of a scale proof-of-concept prototype robotic shotcrete spray head. The
key element of the redesign was the replacement of the passive nozzle nutation mech-
anism of modern shotcrete spray heads with a robotic pan-tilt assembly. The robotic
pan-tilt assembly was designed to provide advanced control over the orientation of
the shotcrete nozzle and, with correct coordination, allow for robotic control of the
nozzle’s nutation. In order to support the physical redesign of the shotcrete nozzle
system, this thesis also presented the development of an open-loop control strategy
for coordinating the actuation of the pan-tilt system’s actuators in order to replicate
the nozzle nutation motion of the passive mechanical mechanism. The control strat-
egy was further developed to allow the system to autonomously adjust the magnitude
of nozzle nutation (as dictated by the pan-tilt assembly’s actuators) in response to
changes in target surface distance. This ability was developed to allow the system
to autonomously maintain a circular spray pattern of set size on a target surface
regardless of changes in target surface distance, an ability that would be previously
unachievable with spray heads using standard passive mechanical nutation generation
mechanisms. Additionally, during the development of this thesis, it was realized that
the nature of the robotic pan-tilt assembly could be leveraged in order to produce
spray patterns other than that of the standard circle. The open-loop control strategy
for creating nutation based circular spray patterns with the pan-tilt assembly was,
therefore, adapted and further developed to produce control strategies allowing for
the generation of figure eight and spiral type spray patterns. The figure eight and
spiral type spray patterns were developed as a set of experimental advanced spray-
ing techniques to allow rapid homogeneous build up of shotcrete in various surface
features during the spot filling process that precedes the shotcrete application process.
The scale proof-of-concept prototype of the robotic shotcrete spraying tool and its
open-loop control strategy, through physical testing, demonstrated the ability to not
only replicate the nutation motion of current passive type shotcrete heads but, as
well, reliably control the size of the circular spray pattern on the target surface in
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response to changes in target distance. This achievement gives the conceptual design
and control strategy put forth in this thesis credibility towards being the basis for the
design and development of a larger scale autonomous robotic shotcrete spraying head.
Additionally, the results obtained from the experimental figure eight and spiral spray
pattern testing provides credible indication of the potential that the robotic shotcrete
spraying tool can provide past simply maintaining set circular spray patterns.
Although this thesis focused on the design of an autonomous shotcrete spray head for
the MASS robot, the application potential of the robotic shotcrete spraying tool and
its related control concepts extend far beyond the MASS robot and the underground
mining industry itself. The robotic shotcrete spraying tool is essentially a 2D spray
pattern controller. Thus, the system could potentially find application in any industry
in which precise control is required over a nozzle spraying system, such as underground
tunnel construction, general building construction, firefighting and robotic auto-body
painting industries.
In regards to enabling the MASS robot with the ability to conduct advanced and au-
tomated radiation surveys, this thesis presented the design, development and testing
of a Geiger Muller tube based radiation detection tool built specifically for the MASS
robot. The radiation detection tool developed in this thesis made use of lead shielding
and a specially designed lead collimator in order to increase the directional sensitiv-
ity and restrict the un-attenuated detection zone of the tool’s Geiger tube detector
on target survey surfaces. The key conceptual development presented in this thesis,
in regards to robotic radiation surveying, was combining the working principles of
a single hole collimator with the MASS’s ability to position the detection tool at a
known relative distance to the target surface being surveyed. This concept allows for
robotic control of the size of the detection tool’s un-attenuated detection zone on the
target surface, thereby, allowing radiation readings to be taken within specific known
regions along the target surface being surveyed.
Experimental survey tests conducted with the prototype radiation detection tool and
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its prototype collimator indicated that the collimator, combined with precise relative
surface positioning, was capable of limiting the un-attenuated detection zone of the
detection tool on the target surface to a known size. The collimator equipped pro-
totype radiation detection tool, as well, demonstrated its ability to produce surface
survey’s that create a clearer depiction of the target surface’s radiological profile when
compared to surveys conducted without the collimator attached. The results of the
experimental tests conducted with the prototype radiation detection tool proved suc-
cessful and provide indication that the design concepts put forth in this thesis may
serve as a credible basis for further development of the radiation detection tool.
This thesis was culminated by combining both prototype tools into a single integrated
end-effector system for the MASS’s DENSO VP-6242 manipulator arm. The result-
ing integrated end-effector system remained within the specified payload capacity
of 2.0 kg, leaving free approximately 660 g of available payload, while at the same
time remained compact enough to not inhibit the operation of the DENSO VP-6242
manipulator arm. However, despite the successes presented in this thesis for both
prototype tools that comprise the integrated end-effector system, each did not come
without their own caveats and limitations.
During testing it was discovered that the prototype robotic shotcrete spraying tool
suffered from a critical caveat in regards to the torque capacity of its yaw axis stepper
motor. It was observed that due to the mass of the pitch axis stepper assembly, if the
yaw axis motor was accelerated too quickly, the inertia of the attached pitch stepper
assembly’s mass would cause the stepper motor to slip and loose its position. Though
this problem was remedied on the XY test platform by limiting the acceleration of
the yaw stepper motor, this presents a critical problem for use of the prototype on
the DENSO VP-6242 manipulator arm. Any additional acceleration that the tool is
subjected to by the movement of the manipulator arm may cause the yaw axis of
the robotic shotcrete spraying tool to slip. However, this can be easily remedied by
replacing the yaw axis Nema17 pancake stepper motor with a taller standard sized
Nema17 stepper motor of higher torque capacity. Alternatively, one could use a larger
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Nema frame size pancake stepper motor in order to maintain vertical compactness
of the integrated end-effector system. Both solutions, however, would increase both
the size and weight of the integrated end-effector system, considerations which would
have to be weighed against the remaining 660 g of available payload of the DENSO
VP-6242 and its desired operational dexterity. Additionally, though the prototype
demonstrated its ability to generate simulated spray patterns, the laser carrying di-
rect drive pan-tilt stepper assembly does not truly represent a design structure suited
for operation in a harsh underground environment, nor does it consider the actual
physical forces involved in the control of a real life shotcrete nozzle and connected
hose system. The same can be said for the rudimentary open-loop control algorithms
developed for the prototype tool. Though the prototype algorithms have been val-
idated empirically through testing, their simplistic nature controls only the central
control point of the idealized shotcrete spray and does not bring into consideration
physical spraying forces and other factors that affect the result of a shotcrete applica-
tion, such as gravity’s influence on the projected shotcrete spray, the physical shape
of the shotcrete spray, concrete flow rate, aggregate mixture, system pump pressure,
or nozzle accelerator dosage settings.
In regards to the radiation detection tool, though the experiments conducted with
the prototype produced promising results, and lend credibility of the prototype as
a basic proof-of-concept, the experiments also revealed a number of caveats within
the prototype. Radiation penetration tests and survey experiments revealed that
the composite shielding structure that covers the main body of the LND-712 does
not provide adequate attenuation for incoming gamma rays, even those at the lower
end of the gamma energy spectrum. This causes the readings of the detector as
shown in the experimental results of each survey test to be significantly influenced
by adjacent radioactive sources. This issue can be easily addressed by thickening the
lead shielding layer within the shielding structure, however, this must be weighed
against the payload constraints of the DENSO VP-6242.
Testing also revealed that the collimator, despite the size of its opening, does cause a
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reduction in detection efficiency of the LND-712. Additionally, in regards to detection
efficiency, this thesis does not address the detection of the test source’s true levels of
radioactivity. This thesis draws its conclusions based upon relative results compared
to baseline measurements taken of each source in isolation with the same LND-712
detector. Determining the radiation detection tool’s true detection efficiency and
relating that to generating a radiation survey profile that display the true levels of
target surface radioactivity was beyond the scope of this thesis. Though not inves-
tigated in this thesis, generating a true surface radiation profile exists as an area for
future development for this project.
Lastly, it is noted that the use of an end-window type GM tube detector allows the
radiation detection tool to detect, without distinguishment, alpha, beta and gamma
radiation. The radiation detection tool’s prototype collimator, however, was not
designed to include interchangeable radiation filters to limit the type of detectable
radiation. The survey experiments of this thesis were conducted at a far enough de-
tector to source distance that the alpha particle influence of each source was not of
concern, however, when the application environment of the radiation detection tool is
considered, a key realization is made. The underground uranium mining environment
that the radiation detection tool is intended for use in has the potential to poses large
concentrations of alpha emitting radon gas in the air present within the surveying
environment. Given that the the end-window GM tube detector is incapable of dis-
cerning between the detection of the different types of radiation, without adequate
radiation filtering, the surface radiation measurements could potentially be influenced
by radon gas supplied alpha particle interaction with the detector’s end-window. To
counteract this, the MASS’s radiation detection tool would have to be outfitted with
a mechanized device to allow the system to autonomously interchange radiation filters
attached to the radiation detection tool’s collimator. This would allow the system
to select the appropriate radiation filter for the given survey requirement, whether
that be the detection of all alpha, beta and gamma radiation, just beta and gamma
radiation or solely gamma radiation. This would give the MASS system flexibility in
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regards to the uses of its autonomous radiation surveying capacity.
6.2 Recommendations for Future Work
As indicated, the prototype end-effector tools and integrated end-effector system de-
veloped during this thesis posses limitations, caveats and multiple areas in which
further development work is required.
Future development work related to the physical prototypes developed during this
thesis, include:
• Replacement of the robotic shotcrete spraying tool’s yaw axis stepper motor
with a stepper motor of a higher rated torque capacity.
• Integration of the Arduino based control system into the ROS architecture that
operates the current MASS robot prototype.
• Testing the performance of the nutation magnitude control algorithm for main-
taining circular spray pattern diameters when receiving target distance input
from the MASS manipulator arm’s trajectory data.
• Design of a second generation robotic shotcrete spraying tool prototype that
uses DC servo motors instead stepper motors, in order to achieve smoother
spraying patterns.
• Increasing the thickness of the lead layer within the radiation detection tool’s
composite shielding structure.
• Determination of the radiation detection tool’s true detection efficiency and
relationship to measuring the true levels of surface radiation.
• Development of a ROS visualization application capable of overlaying localized
radiation measurements taken with the radiation detection tool onto the 3D
surface maps generated by the MASS.
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• Development of a prototype collimator with mechanized radiation filter inter-
change system for automatic selection of appropriate radiation filter based on
desired surveying task.
• Investigation of alternative collimator designs and possible improvements to the
shape and size of subsequent un-attenuated surface detection zone as well as
detector efficiency.
Future development work extending beyond the scope of the current first generation
MASS prototype:
• Replacement of the DENSO VP-6242 manipulator arm with a large manipulator
arm with a greater payload capacity to allow for larger more capable end-effector
prototypes to be developed.
• Development of a harsh environment tool changing system to switch between
the radiation detection tool and the robotic shotcrete spraying tool.
• Development of a larger scale second generation robotic shotcrete spraying tool
designed for operation in harsh conditions and that is capable of conducting
live spraying tests with some form of sprayed media.
• Advancement of the nozzle nutation control algorithms to include some form of
feedback to allow the system to adjust for changes in spraying parameters such
as pump pressure and changes in spray media.
• Though this thesis conducted preliminary research on alternative spraying pat-
terns for spot filling, with the introduction of robotic spray pattern control,
further research is needed to determine what the actual optimal spraying pat-
tern is for general shotcrete application, whether that be the current industry
accepted circular spraying pattern or some other alternative shape.
• Due to the unpredictable nature of blasted surface geometry, further research
is needed to develop algorithms capable of analyzing the MASS robot’s 180◦
168
3D surface scan data in order to detect surface features requiring spot filling
and, in real time, determine the optimal spraying pattern for filling each unique
feature.
• Development of a second generation larger scale radiation detection tool with
more adequate shielding and enhanced collimator design.
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A.1 Radiation Detection Tool Shielding Analysis
A.1.1 Scenario 1 - Main Shielding Assembly
Figure A-1: Radiation Penetration Scenario 1
In Scenario 1 (See Figure A-1), the gamma ray of intensity (I) penetrates the com-
posite shielding structure of the radiation detection tool’s main shielding assembly.
As indicated in Figure 3-14 of Chapter 3, the gamma ray must pass through 1.47
mm of steel and a combined total of 5.27 mm of lead shielding in order to reach
the LND-712 detector. It is desired to estimate the remaining intensity (ID) of the
gamma ray once it has reached the detector. ID must be approximated for both a
low energy and high energy penetrating gamma ray. Shielding data from Table 3.1
for Cesium-137 and Cobalt-60 sources will be used, respectively, to calculate ID for
low and high energy gamma.
Assumptions:
• The incident gamma ray strikes the shielding material at a 90◦ angle.
• The interaction between the gamma ray and the shielding materials occurs
without scatter.
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Low Energy Gamma Radiation: Cesium-137
Equations:
(3.2): I = 0.5(t/HV L)
(3.3): ID = I1I2I3...
Table 3.1 Cesium-137 HVL Data:
SteelHV L = 16.0mm












Combining results with Equation (3.3):
ID = I1(steel)I2(lead) = (0.938)(0.593)
ID = 0.556
Therefore, it is approximated that the Cesium-137 gamma ray will be reduced to
55.6% of its original intensity by the time it reaches the detector. The composite
shielding structure can be estimated to have an attenuation capacity of 44.4% for low
energy gamma.
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High Energy Gamma Radiation: Cobalt-60
Equations:
3.2: I = 0.5(t/HV L)
3.3: ID = I1I2I3...
Table 3.1 Cobalt-60 HVL Data:
SteelHV L = 21.6mm












Combining results with Equation (3.3):
ID = I1(steel)I2(lead) = (0.954)(0.747)
ID = 0.713
Therefore, it is approximated that the Cobalt-60 gamma ray will be reduced to 71.3%
of its original intensity by the time it reaches the detector. The composite shielding
structure can be estimated to have an attenuation capacity of 28.7% for high energy
gamma.
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A.1.2 Scenario 2 - End-Cap Shielding
Figure A-2: Radiation Penetration Scenario 1
In Scenario 2 (See Figure A-2), the gamma ray of intensity (I) penetrates the lead
lined end-cap of the radiation detection tool. As indicated by Figure 3-14, the gamma
ray must pass though 5.84 mm of lead shielding before it can reach the rear of the
LND-712 detector. It is again desired to estimate the remaining intensity (ID) of the
gamma ray once it has reached the detector. ID must be approximated for both a
low energy and high energy penetrating gamma ray. Shielding data from Table 3.1
for Cesium-137 and Cobalt-60 sources will be used, respectively, to calculate ID for
low and high energy gamma.
Assumptions:
• The incident gamma ray strikes the shielding material at a 90◦ angle.
• The interaction between the gamma ray and the shielding material occurs with-
out scatter.
• The wire pass though hole of the prototype end-cap is neglected and the shield-
ing is considered to be one solid body.
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Low Energy Gamma Radiation: Cesium-137
Equations:
(3.2): I = 0.5(t/HV L)
(3.3): ID = I1I2I3...
Table 3.1 Cesium-137 HVL Data:
LeadHV L = 7.0mm
Shielding Thicknesses:
t(lead) = 5.84mm
Only one type of material is used for the end-cap shielding therefore: ID = Ilead
Therefore, using Equation (3.2):
ID = I(lead) = 0.5
(5.84/7.0)
ID = 0.561
Therefore, it is approximated that the Cesium-137 gamma ray will be reduced to
56.1% of its original intensity by the time it reaches the detector. The composite
shielding structure can be estimated to have an attenuation capacity of 43.9% for low
energy gamma.
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High Energy Gamma Radiation: Cobalt-60
Equations:
(3.2): I = 0.5(t/HV L)
(3.3): ID = I1I2I3...
Table 3.1 Cobalt-60 HVL Data:
LeadHV L = 12.5mm
Shielding Thicknesses:
t(lead) = 5.84mm
Only one type of material is used for the end-cap shielding therefore: ID = Ilead
Therefore, using Equation (3.2):
ID = I(lead) = 0.5
(5.84/12.5)
ID = 0.723
Therefore, it is approximated that the Cobalt-60 gamma ray will be reduced to 72.3%
of its original intensity by the time it reaches the detector. The composite shielding
structure can be estimated to have an attenuation capacity of 27.7% for low energy
gamma.
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A.2 Source Decay Analysis
The following equations and data where used in the estimation of the remaining
level of radioactivity of the sources chosen from the Spectrum Techniques Model RSS
Source Kit at the time of experimentation in September of 2018.
Table A.1: Properties of Chosen Sources at Time of Experimentation
Source Mfg. Date Age (yrs.) Half-life Mfg. Activity (µCi)
Cesium-137 Nov. 2004 13.84 30.2 yrs. 1.0
Sodium-22 Nov. 2004 13.84 2.6 yrs. 1.0
Cobalt-60 Nov. 2004 13.84 5.27 yrs. 1.0
Manganese-54 Aug. 2014 4.08 313 days 1.0
Barium-133 Oct. 2004 13.92 10.8 yrs. 1.0
Table A.1 tabulates the properties of the sources chosen from the Spectrum Tech-
niques Model RSS source kit, all properties were taken and based on the respective
source manufacturer data labels shown in Figure 5-29 of Section 5.3.2 of Chapter
5. The remaining activity of the chosen sources based upon their original manufac-





A0 = Original Source Activity (µCi)
t = Source Age (years)
t(1/2) = Half-Life (Years)
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Using the respective data from Table A.1 and Equation (A.1) the remaining activity




















ABa-133 = 0.409 µCi
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A.3 Full Scale Shotcrete Spray Pattern
Radius Variance
The following analysis approximates the change in spray pattern radius expected
to occur if the full scale MASS system were to operate using a passive mechani-
cal shotcrete spraying head within a standard target distance spraying range. The
analysis uses Equation 4.9 from Chapter 4 along with standard shotcrete application
information on standard target distance spraying ranges and standard nozzle nutation
magnitudes for passive mechanical shotcrete heads.
If the MASS were to operate a standard passive mechanical shotcrete head with a
fixed nutation magnitude of 15◦ between a standard shotcrete target spraying distance
range of 1 - 2 m [10], then the expected change in spray pattern diameter across the
target distance range can be approximated as such:
Equation:
(4.9): r = d0 tan φβ0
where
r = surface spray pattern radius
d0 = initial target distance







Therefore, the initial spray pattern radius at the initial target distance d0 = 1.0m,
using Equation (4.9) is:
r0 = 1.0 tan (15
◦)
r0 = 0.268m
and, at target distance d2 = 2.0m, using Equation (4.9) the spray pattern radius will
change to:
r2 = 2.0 tan (15
◦)
r2 = 0.536m
Thus, the change in spray pattern radius (∆ r) can be calculated as:
∆ r = r2 − r0
∆ r = 0.536 − 0.268
∆ r = 0.268m
Additionally, the change in overall spray pattern diameter (∆D) can be calculated
as:
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